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ABSTRACT 
The aim of this research is to understand and analyse the behaviour of specimens used to 
measure fracture toughness in laminated composites when loaded at high displacement rates. 
Finite element (FE) analysis is used as a tool to investigate dynamic behaviour of rapidly 
loaded mode I intralaminar specimens and to investigate of the data reduction strategy. 
Finally, using knowledge from current literature and experience gathered from the FE 
analysis, an experimental test procedure for the measurement of intra-laminar fracture 
toughness at high loading rates is designed and evaluated. 
To gain confidence in the dynamic FE modelling the behaviour of a mode I interlaminar 
double-cantilever beam specimen loaded at high rates was analysed. The findings were 
compared to experimental observations and a data reduction strategy from the published 
literature was assessed. 
FE modelling was then used to investigate the behaviour of an intralaminar compact 
tension (CT) test performed at high rates and a data reduction strategy was developed which 
does not require the measurement of the applied load. A CT specimen for measurement of 
interlaminar fracture toughness at high loading rates was also developed which can be 
analysed using the same data reduction strategy. 
Experiments were carried out at displacement rates between 0.2 mm/min and 15 m/s to 
determine the effects of test velocity and crack growth velocity on inter- and intralaminar 
fracture toughness. 
Results from the dynamic experimental tests were filtered to remove the noise in the data. 
Critical energy release rates were calculated using the filtered and unfiltered data and the 
results were used to assess the accuracy of the filtering procedure. Results are then presented 
in terms of the trend of critical energy release rate, GIc, with test velocity and average crack 
speed. The findings are discussed with reference to micrographs of the fracture surfaces of 
specimens at each test speed. 
The intralaminar specimens showed a possible decrease in GIc with test speed and 
average crack speed, but the range of values fell within the scatter in the results. The 
interlaminar test results suggest interlaminar GIc is constant with test. The increase in 
interlaminar GIc with crack speed was also within the range of the scatter in the results  
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NOMENCLATURE 
Latin Symbols 
A crack length 
a0 initial crack length 
a  crack speed 
B width of DCB specimen  
C wave speed in fibre direction 
c0 longitudinal wave speed 
D diameter of loading holes 
d0 characteristic distance used in data reduction of SENT specimens 
rb radius of Hopkinson bar 
E 
distance in CT specimen from the centre of the hole to the edge of 
the specimen in the loading direction 
f(a) normalised energy release rate 
fs  
sample frequency correction factor for crack tip deformation in WIF 
DCB specimen 
G correction factor for local deformation around the crack tip 
H thickness of one arm of DCB specimen 
kpos, kneg 
penalty stiffness in tension and compression (cohesive element 
formulation) 
L Length of a DCB specimen 
N length of data input 
R wedge radius 
T thickness of CT specimen 
t0, t90 total thickness of 0° and 90° plies in a laminate 
tlam composite laminate thickness 
tmax 
time since start of test for complete separation of DCB specimen 
arms  
tη transition time 
uy dynamic crack tip opening displacement 
A1 gradient of a/2h vs C
1/3
 graph 
Apass Attenuation in the passband 
Astop attenuation in the stopband 
B width of DCB specimen  
C Compliance 
D length of overlapping segments in Welch‘s method 
E11 Young‘s modulus in the fibre direction of a composite material 
Ex, Ey ,Ez Young's modulus in x-, y- and z-directions respectively 
F large displacement correction factor 
Fcut-off filter cut-off frequency 
Nomenclature 
[2] 
 
Fpass filter pass frequency 
Fstop filter stop frequency 
G Energy release rate 
Gc critical energy release rate 
Gc
cz
 critical energy release rate calculated by cohesive element 
GI mode I energy release rate 
GIc mode I critical energy release rate 
GIc,avg average mode I critical energy release rate 
GIc,prop average mode I critical energy release rate for crack propagation 
GIc,QS, GIc,HR quasi-static and high rate mode I critical energy release rate 
cz
Ic
G  mode I critical energy release rate calculated by cohesive element 
drs
Ic
G  mode I critical energy release rate calculated by data reduction 
scheme using outputs from finite element model 
Ic
G  rate of change of fracture toughness  
exp
Ic
G
,
 
exp
IIc
G  mode I, II critical energy release rate measured experimentally 
GII mode II energy release rate 
GIIc mode II critical energy release rate 
Gxy, Gyz, Gzx shear modulus 
I  moment of inertia 
Ir Energy required to propagate a crack 
J J-integral 
Kc critical stress intensity factor 
KIc
0
 KIc of zero degree plies 
KID dynamic critical stress intensity factor 
L number of data segments used in Welch‘s method 
M length of data segments used in Welch‘s method 
M1, M2 bending moment in arms 1 and 2 (of DCB specimen) 
N maximum traction in mode I (cohesive element formulation) 
N1 the end-block stiffening correction factor 
P applied load 
Pc critical applied load 
HR
P  equivalent load in HR CT test 
S shear strength 
Sxy elastic compliance values for a composite material 
Ue external work 
UKE kinetic energy 
US strain energy 
V velocity of applied displacement 
W length from loading line to back edge of CT specimen 
Xc 
compressive strength of a composite ply in the transverse direction 
(perpendicular to the fibre) 
Nomenclature 
[3] 
 
Yc compressive strength of a composite ply in the fibre direction 
YLc compressive strength of a laminate in the y-direction 
Greek Symbols 
Α Coefficient of power law (propagation criterion) 
Γ surface energy per unit area 
γp plastic deformation energy per unit area 
Δ Displacement 
δ1 
relative displacement of crack surfaces in mode I (cohesive element 
formulation) 
δa Artificially imposed displacement (δa = 0 when a = a0) 
0
N
  
opening of crack tip at maximum traction (cohesive element 
formulation) 
f
N
  
opening of crack tip at failure of cohesive element (cohesive element 
formulation) 
Ε Strain 
εB  strain measured at back edge of CT specimen 
QSB ,
 , 
HRB ,
  strain measured at back edge of CT specimen, during a QS and HR test 
respectively 
εuts ultimate tensile strain 
Η 
factor relating the far-field applied stress in the laminate to the stress in 
the 0˚ plies of SENT specimen 
νij Poisson‘s ratio 
Ρ Density 
Σ Stress 
Δ crack tip rotation correction factor 
 
Abbreviations 
3PtB 3 point bend 
4PtB 4 point bend 
5%/MAX 5% load offset or maximum load initiation point 
CCD charge coupled device 
CCT centre crack tension 
CFRP carbon fibre reinforced plastic 
COD crack opening displacement 
CT compact tension 
CV coefficient of variation 
DCB double cantilever beam 
DENT double edge notch tension 
ECT edge crack tension 
ENF edge notch flexure 
FE finite element 
FIR finite impulse response 
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FM failure mode 
Fps frames per second 
HR high rate 
HSR high strain rate 
HSV high speed video 
IIR infinite impulse response 
KE kinetic energy 
LEFM linear elastic fracture mechanics 
LMD lost motion device 
LVDT linear variable displacement transducer 
MBT Modified beam theory 
NL non-linearity initiation point 
PEEK poly-ether-ether ketone 
PSD power spectral density 
QS quasi-static 
SEM scanning electron microscope 
SENT single edge notch tension 
SHPB split Hopkinson‘s pressure bar 
TCT tapered contact tension 
VIS visual initiation point 
WCT wedge-loaded compact tension 
WIF wedge insert fracture 
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1 INTRODUCTION 
In this chapter, section 1.1 is a brief introduction to the area of high-speed composite 
failure, section 1.2 summarises the aims and objectives of this research and section 1.3 
outlines the structure of the remaining chapters in this thesis. 
1.1 GENERAL INTRODUCTION 
Generally, the quasi-static (QS) mechanical properties of high-performance, fibre-
reinforced, polymer-matrix composites are well understood.  As a result accurate models can 
be developed and designs of composite components refined before full-scale tests are carried 
out, reducing cost and time to market. However, the properties at high loading rates are less 
well understood and, in some cases, unknown. An understanding of the behaviour of 
composite materials at high rates is important as they are increasingly applied to the design of 
components where their properties at high loading rates are key to their purpose, such as 
design of armour plating for tanks and armoured personnel carriers [1], and the simulation of 
aircraft accidents [2], bird strikes [3] and motorsport impacts [4]. 
In applications where crack propagation is important, such as those mentioned above, a 
knowledge of the rate dependence of fracture toughness measured at high crack growth rates 
is particularly important. Three key issues arise consistently in the determination of fracture 
toughness at high displacement rates [5]: 
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(i) Inertia effects — significant when the load changes suddenly and/or there is rapid 
crack growth. 
(ii) Rapid changes in load or crack growth can produce stress waves which affect the 
crack tip stress/strain field and therefore the failure process. 
(iii) Material properties, which may be used in data reduction to determine the high 
rate fracture toughness, can also exhibit strain rate dependence. 
If the first two of these effects are important, then the application of linear elastic 
fracture mechanics (LEFM) used in QS data reduction schemes is not valid. This means that 
the results cannot be analysed in the same way as the results from QS tests and so a new data 
reduction scheme must be developed. 
For example, in the early stages of loading the energy release rate, G, can vary greatly due 
to stress wave interference (constructive and destructive) resulting in a highly complex, time 
dependent stress distribution in the specimen. The instantaneous value of G depends on the 
magnitude of the stress waves which pass through the crack tip region at a particular time. 
Therefore, if these stress waves are significant, G cannot be readily determined from the 
applied loads [5].If the material properties used in the data reduction scheme themselves are 
rate dependent, then another set of tests may need to be carried out to determine their values 
at increased loading rate. 
 
1.2 RESEARCH AIMS AND SUMMARY OF THE RESEARCH 
The aims of this research are outlined in this section and the originality of the work is 
highlighted. 
1.2.1 AIM 
The aim of this research is to understand and analyse the behaviour of specimens used to 
measure fracture toughness in laminated composites when loaded at high displacement rates. 
Finite element (FE) analysis is used as a tool to investigate dynamic behaviour of rapidly 
loaded mode I intralaminar specimens and to investigate of the data reduction strategy. 
Finally, using knowledge from current literature and experience gathered from the FE 
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analysis, an experimental test procedure for the measurement of intra-laminar fracture 
toughness at high loading rates is designed and evaluated. 
1.2.2 SUMMARY 
To gain confidence in the dynamic FE modelling the behaviour of a mode I interlaminar 
double-cantilever beam specimen loaded at high rates was analysed. The findings were 
compared to experimental observations and a data reduction strategy from the published 
literature was assessed. 
FE modelling was then used to investigate the behaviour of an intralaminar compact 
tension (CT) test performed at high rates and a data reduction strategy was developed which 
does not require the measurement of the applied load. A CT specimen for measurement of 
interlaminar fracture toughness at high loading rates was also developed which can be 
analysed using the same data reduction strategy. 
Experiments were carried out at displacement rates between 0.2 mm/min and 15 m/s to 
determine the effects of test velocity and crack growth velocity on inter- and intralaminar 
fracture toughness. 
Results from the dynamic experimental tests were filtered to remove the noise in the 
data. Critical energy release rates were calculated using the filtered and unfiltered data and 
the results were used to assess the accuracy of the filtering procedure. Results are then 
presented in terms of the trend of critical energy release rate, GIc, with test velocity and 
average crack speed. The findings are discussed with reference to micrographs of the fracture 
surfaces of specimens at each test speed. 
The intralaminar specimens showed a possible decrease in GIc with test speed and 
average crack speed, but the range of values fell within the scatter in the results. The 
interlaminar test results suggest a decrease in interlaminar GIc with test speed but again, this 
was within the range of the scatter of the results. The increase in interlaminar GIc with crack 
speed was also within the range of the scatter in the results 
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1.2.3 ORIGINALITY OF RESEARCH  
While research in the literature has concentrated on measuring interlaminar fracture 
toughness at high test rates or QS intralaminar fracture toughness this work is unique in its 
study of intralaminar fracture toughness at high test rates. 
The research in this thesis is original as it studies the intralaminar fracture toughness of 
carbon-fibre composites at loading rates up to 10 m/s. A CT specimen is used and a data 
reduction scheme is developed so that, despite the vibrations in the load measurement, the 
strain at the back edge of the specimen which is unaffected by the dynamic loading, is used to 
measure GIc for test speeds of 0.2 m/s and above 
 
1.3  THESIS STRUCTURE 
The structure of the remainder of this thesis is as follows: 
Chapter 2 Literature Review A brief literature survey is presented on the current state of 
research on the high-rate fracture of carbon-fibre composites. This includes common 
experimental setups, the behaviour of cracks under dynamic growth conditions and the 
rate dependence of composite material properties. 
Chapter 3 Analysis of a DCB Specimen Loaded at High Rate This chapter describes a 
study of the behaviour of a DCB specimen tested quasi-statically and at a loading rate of 
18.47 m/s (this test speed has been reported in the literature). A finite element model 
capable of analysing both the static and dynamic behaviour of the DCB specimen is used 
to compare GIc determined directly from the cohesive elements in the model with the GIc 
calculated using a data reduction scheme in the literature. 
Chapter 4 Finite Element Analysis of Test Specimen The compact tension specimen is 
investigated numerically for the measurement of Mode I fracture toughness associated 
with fibre tensile failure, GIc. A load-independent data reduction scheme for analysing 
such tests using the compressive strain measured close to the back edge of the specimen 
is developed. 
Chapter 5 Material Characterisation and CT Specimen Manufacture A description is 
presented of the material and method of manufacture of the specimen geometry 
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described in Chapter 4. Following this, a description is given of the experimental 
equipment setup used including both the QS and high rate (HR) setups and a description 
of the high-speed camera used. This chapter also describes the filtering method applied 
to the HR experimental results. 
Chapter 6: Experimental Testing and Analysis This chapter describes the experimental 
work carried out to measure the intra- and interlaminar fracture toughness at QS and HR 
test speeds using the specimens as described in Chapter 5. The filtering strategy used for 
the experimental data and the steps taken to ensure that legitimate readings are not 
obscured by the filtering are then outlined. 
Chapter 7 High Rate Compact Tension Experimental Results The results from the QS 
and HR tests are presented. The effects of test speed and crack speed on intra- and inter-
laminar fracture toughness are presented alongside fractography images of the failed 
specimen surface.  
Chapter 8 Discussion of Experimental Results The findings of chapter 7 are discussed 
including probable reasons for the trends found. 
Chapter 9 Conclusion The main conclusions are summarised and recommendations made 
for future work in this area. 
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2 LITERATURE REVIEW 
2.1 INTRODUCTION 
This chapter begins with a brief overview on the subject of fracture mechanics which 
forms the basis of the work in this thesis. The investigation of QS mode I fracture toughness 
is then discussed. Finally, the methods of measuring HR mode I fracture toughness have been 
discussed and the current research in this area summarised. 
2.2 FRACTURE MECHANICS 
Griffith [6] was the first person to systematically explain the failure of brittle materials. 
He suggested that in brittle materials, fracture initiates from pre-existing flaws in the 
material. These flaws may be as a result of manufacturing defects or could be induced by in-
service loads. The fracture mechanics approach that Griffith proposed stated that when a 
crack grows, the difference between the external work done, Ue, on the structure and the 
energy released from the strain field, Us, is equal to the energy, used to create the two new 
surfaces of the crack faces. This can be expressed as: 
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where a is the length of the new crack created, B is the constant width of the material 
and γ is the energy per unit area used to create the surfaces of the crack faces. 
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Irwin [7] extended Griffith‘s work by recognising that energy is also used up during 
fracture by plastic deformation in a zone surrounding crack tip. This deformation energy may 
be many times the energy needed to create the new crack surface and equation 2-1 can be 
modified to include this energy as follows: 
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where γp is the energy per unit area used in plastic deformation in the area around the 
crack tip. 
Linear elastic fracture mechanics (LEFM) can be applied when the plastic deformation 
zone around the crack tip is small and remains constant in size as the crack grows. When this 
is the case, the right hand side of Equation 2-2 can be replaced by Gc, the critical energy 
release rate: 
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Gc is a material property defined as the energy absorbed per unit area of crack growth. 
For an isotropic material GI can be related to the critical stress intensity factor, KI, for 
mode I crack growth, as follows [8]: 
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2.2.1 DEFINITION OF FRACTURE MODES 
It is possible to describe the stress distribution at a crack tip using three modes: tensile 
opening mode I, in-plane shear (sliding) mode II and anti-plane shearing mode III, Figure 
2-1. For an isotropic material the toughness is normally stated for the mode I case alone, as 
the toughness in this mode is, in general, much lower than in the other two loading modes. In 
fibre-reinforced composite materials, however, it is possible for crack growth to be 
constrained by the reinforcement and so this may additionally occur in mode II, mode III or 
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in a combination of the three. However, mode I, mode II and mixed-mode I/II are more 
common in practice. 
 
FIGURE 2-1: FRACTURE MODES 
When testing unidirectional (UD) composites for fracture toughness there are several 
crack growth directions to be considered, as shown in Figure 2-2. 
 
FIGURE 2-2: NOMENCLATURE FOR CRACK GROWTH DIRECTIONS IN COMPOSITE MATERIALS [9] 
2.3 MODE I INTERLAMINAR FRACTURE TOUGHNESS TESTING 
The measurement of mode I fracture toughness has received a lot of attention in the 
literature. This is because crack initiation in mode I requires much less energy than the other 
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two modes and if a flaw is present in a material the crack will grow in mode I, if possible. 
The standard test method for mode I interlaminar fracture toughness is the double cantilever 
beam (DCB) test [10] and other test methods which are used in the measurement of QS mode 
I fracture toughness of composite laminates are all discussed in this section. 
The DCB specimen is used in the standardised method for measuring the mode I 
interlaminar fracture toughness of continuous fibre, UD carbon- and glass-fibre composites 
[10]. This method consists of a specimen of even number of plies with a non-adhesive insert 
on the mid-plane used to form a pre-crack. The specimen is loaded through end blocks (or 
piano hinges) at the end of each arm, which are pulled apart at a specified displacement rate, 
Figure 2-3. During the test the applied load, P, relative displacement of the arms at the load 
points, δ, and the delamination length, a, are recorded.  
 
 FIGURE 2-3: MODE I DCB TEST SPECIMEN FOR UD CFRP. COMMONLY USED DIMENSIONS ARE 
SHOWN IN MM [11] 
Several methods have been developed to analyse the data collected in a DCB test, these 
are (i) the area method, (ii) modified beam theory, (iii) compliance calibration and (iv) 
modified compliance calibration. 
(i) Area Method 
A schematic of the load-displacement trace for a DCB specimen is shown in Figure 2-4. 
Gc is evaluated by determining the energy absorbed, ΔU, and dividing this by the area swept 
through by the crack front, BΔa: 
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where B is the width of the specimen as shown in Figure 2-3. 
 
FIGURE 2-4: SCHEMATIC OF TYPICAL LOAD-DISPLACEMENT BEHAVIOUR OF A DCB SPECIMEN 
The area method is the most simple of the methods given here but is not suitable when 
stick-slip fracture occurs [12]. 
(ii) Modified Beam Theory (MBT) 
Using beam theory it can be shown that, for mode I: 
 
Ba
P
G
c
Ic
2
3 
  2-7 
in which Pc is the critical load at which the crack begins to grow, δ is the corresponding 
displacement and a is the corresponding crack length. Rotation at the crack front means that a 
crack length correction, Δ, must be included, giving: 
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Δ can be found by creating a plot of C1/3 versus a, where C is the compliance of the arms 
of the specimen, C = δ/Pc. The value of Δ is then the negative of the intercept of the least-
square linear fit of the data with the a-axis. 
The MBT method is usually the most conservative (and therefore the preferred) method 
of those described here. 
(iii) Compliance Calibration 
Referring back to Figure 2-4 the change in external work and strain energy are given 
by [12]: 
External work: PddU e   2-9 
Strain energy:  dPPddU s  
2
1
 2-10 
The change in displacement, dδ, can be expressed in terms of the compliance, C = δ/P: 
 PdCCdPCPdd  )(  2-11 
By substituting Equations 2-9 to 2-11 into the original energy balance equation 2-3, the 
critical energy release rate may be expressed as: 
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For displacement controlled conditions, and therefore in all the following work, this can 
be simplified to: 
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Assuming that naC   for the DCB specimen, a straight line is fitted to the log-log plot 
of C versus a to find n. GIc is then given by: 
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(iv) Modified Compliance Calibration 
In this method it is assumed that 3aC  , i.e. taking n = 3 in the previous section. A plot 
of 
h
a
2
 (2h is the thickness of the laminate) versus 3
1
C  is prepared and a least squares linear 
fit of the data then yields the gradient, A1. GIc is then given by: 
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A typical R-curve from a DCB test, Figure 2-5, plots GIc versus crack length, a, for the 
duration of the test. Any increase in GIc with crack length is often due to fibre bridging 
between the 0° plies [10]. In structural applications of composites, delamination usually 
happens between plies of different orientations and for this reason fibre bridging is usually 
considered to be a feature of UD DCB tests. As a result only the initiation values of GIc 
obtained at the edge of the insert are useful in design — all other results are specific to 
growth between UD plies and therefore are referred to as propagation values. 
 
FIGURE 2-5: TYPICAL R-CURVE FROM A MODE I DCB TEST, Δ INDICATES THE INITIATION 
VALUE [11] 
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2.4 MODE I INTRALAMINAR FRACTURE TOUGHNESS TESTING 
There are currently no standards to measure the mode I intralaminar fracture toughness 
of a continuous fibre composite, i.e. the fracture toughness which involves breaking of the 
fibres. Two specimens have been proposed and these are discussed here first. Many 
specimens have been suggested to measure the fracture toughness of multi-directional 
laminates and these are discussed later. 
A commonly used test for mode I intralaminar fracture toughness involving tensile 
failure of the fibres is the compact tension (CT) specimen, Figure 2-6 [9, 13-15]. A typical 
layup involves an even number of alternating 0° and 90° plies with a sharp pre-crack cut into 
the specimen. 
 
FIGURE 2-6: CT SPECIMEN FOR TESTING CFRP LAMINATES. COMMONLY USED DIMENSIONS ARE 
SHOWN IN MM [13] 
Data reduction methods for CT specimens fall into three main categories: (i) an 
analytical method, (ii) compliance methods and (iii) finite element (FE) based methods. The 
area method can also be used in the same way as described for the DCB specimen. 
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(i) Analytical Method 
Several researchers take a stress intensity factor approach to finding the fracture 
toughness [14, 16]. ASTM E 399 [17] is the standard CT test for isotropic materials. The 
critical stress intensity factor is given by: 
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and Pc is the critical load at which the crack begins to grow. t and W are shown in Figure 
2-6 
The critical energy release rate of the laminate can then be calculated using Equation 
2-18: 
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where Ey and Ez are the moduli in the y- and z-directions respectively, Gzy is the shear 
modulus and υzy is the Poisson‘s ratio. 
Laffan [9] created an ABAQUS FE model to assess the accuracy of this method. For 
laminates with a layup of [(90/0)8/90]s the maximum error between the FE and equations 
2-16 to 2-18 was 13.2 %, this maximum error was found to increase as the proportion of 0˚ 
plies increased. 
(ii) Compliance Calibration 
The compliance calibration method is similar to the compliance calibration method 
described in the discussion of the analysis of DCB tests. All the compliance methods use the 
above equation 2-13. The difference between each method is the technique used to find 
dC/da. There are four techniques for calibrating the compliance: 
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a) At several crack lengths during the experiment the specimen is partially unloaded. 
The compliance at each crack length is then measured from the unloading curves 
at each crack length. 
b) Essentially the same as (a), the load and displacement is measured at several crack 
lengths and the compliance calculated using 
P
C  . This method assumes that 
no plastic deformation occurs at the crack tip. 
c) A series of specimens is manufactured with various machined crack lengths. 
These specimens are then loaded and the compliance for each crack length is 
known. 
d) Several finite element models are created of half of the CT specimen with 
different values of initial crack length. These models are run and the compliance 
at each initial crack length is found. 
Each of these techniques gives a series of points relating compliance and crack length. 
By plotting compliance versus crack length, compliance can be found as a function of crack 
length and finally dC/da can then be found for use in equation 2-13. 
(iii) FE Method [13] 
As in d) above, several finite element models are created of half of the CT specimen 
with different values of initial crack length. The model is 1 mm thick and a load of 1 kN is 
applied. The normalised energy release rate, f(a), is obtained from the J-integral, J, around 
the crack tip: 
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f(a) can be approximated by a third order polynomial and the critical energy release rate 
for each test can then be obtained as: 
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in which P, the load causing crack growth, is in kN and t, the thickness, is in mm. 
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When this method was compared to the results from Equation 2-16 the difference was 
11 % suggesting that the equation developed for isotopic materials in ASTM Standard E 399 
is not suitable for use with composite laminates. 
The analysis methods given above all calculate GIc of the laminate, 
lamIc
G . Once 
lamIc
G  
has been found, the intralaminar fracture toughness of the layers where fibre fracture is the 
dominant mechanism, 
raIc
G
int
, can be found by subtracting the term corresponding to the 
cracking of matrix in the 90° plies, 
ramatrixIc
G
int_
 [9]: 
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tlam is the thickness of the laminate, t90 and t0 is are the total thicknesses of the 90° and 0° 
plies within the laminate, respectively. The mode I matrix intralaminar critical energy release 
rate has been found to be very similar to the mode I interlaminar fracture toughness between 
0° plies [13], so if the intralaminar toughness is unknown, the interlaminar toughness can be 
used in Equation 2-21 as a good approximation. In carbon/epoxy composites the fibre failure 
toughnesses are much larger than the matrix failure toughnesses and so the last term in 
Equation 2-21 is often omitted in the calculation of the fibre-dominated intralaminar 
toughness without a significant loss in accuracy. This method ignores other failure 
mechanisms, e.g. delamination and interaction between the failure mechanisms in the 0° and 
90°  
The CT specimen is often used to measure laminate mode I fracture toughness [13, 15, 
18]. A parametric study of the CT specimen was undertaken [18] to develop a specimen that 
showed suitable crack progression on 2D woven fabric laminates. Six unwanted modes of 
failure were identified as critical to the design of the specimen, Figure 2-7: 
 Failure in compression at the back edge of the specimen, Failure Mode 1 (FM1) 
 Failure in compression on the outer edge of the arms of the specimen, FM2 
 Failure in shear in the uncracked region of the specimen, FM3 
 Bearing failure at the loading holes, FM4 
 Shear-out failure at the loading holes, FM5 
 Global buckling of the specimen, FM6 
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FIGURE 2-7: FAILURE MECHANISM LOCATIONS IN CT SPECIMEN [18] 
Several alternative specimen designs were considered in order to avoid these unwanted 
failure modes. The widened compact tension specimen (WCT), Figure 2-8, was designed to 
reduce the compression stresses at the back of the specimen and so to avoid failure by FM1. 
However, this specimen was found to be more prone to buckling, FM6, particularly at longer 
crack lengths and was not considered a viable alternative to the original CT specimen. 
 
FIGURE 2-8: WIDENED COMPACT TENSION SPECIMEN WITH NOMINAL DIMENSIONS IN MM [18] 
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A tapered compact tension specimen (TCT), Figure 2-9, was developed to avoid FM1, 
and in terms of preventing the studied failure mechanism, was the best of the specimens 
tested, but still showed significant problems. In particular, at longer crack lengths, failure was 
observed via matrix cracking due to compressive stresses at the back of the specimen (FM1) 
and in-plane shear stresses at the back of the specimen (FM3). The TCT specimen was also 
susceptible to failure of the arms of the specimen (FM2) and shear-out at the loading holes 
especially at short crack lengths (FM5). The FE analysis carried out showed on the TCT 
specimen showed that it could not be guaranteed that significant crack growth (i.e. enough for 
fracture toughness characterisation) would occur before failure by any other failure mode. 
[18] 
 
FIGURE 2-9: TAPERED COMPACT TENSION SPECIMENS SHOWING NOMINAL DIMENSIONS IN MM 
[18] 
 
The extended compact tension (ECT) specimen, Figure 2-10, was also suggested and 
was originally used for the measurement of KIc in metals [19]. The applicability of the 
standard test method for metals, ASTM E 1922 [20], for the measurement of the intralaminar 
fracture behaviour of thick, pultruded glass-fibre composites has been investigated [21]. 
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FIGURE 2-10: EXTENDED COMPACT TENSION SPECIMEN WITH COMMONLY USED DIMENSIONS 
IN MM [21] 
Calculation of the stress intensity factor, KIc used equation 2-16 which is only valid for 
isotropic materials. The authors used the same validity criteria for the results as the ASTM 
standard for isotropic materials [20] — in isotropic materials it was found that specimens 
with a small damage zones, required for consistent KIc measurements, also had relatively 
small amounts of additional crack-tip mouth displacements, Δδn. Therefore results for this 
specimen are only valid if: 
 
3.0
0


n
n


 2-22 
2. Literature Review 
[24] 
 
where δn-0=δn at P=Pmax on the extension of the initial linear portion of the load-
displacement plot and Δδn is shown in Figure 2-11.  
 
FIGURE 2-11: TYPICAL LOAD-DISPLACEMENT PLOT FOR ECT SPECIMEN [21] 
In most of the pultruded composite specimens, this criterion was not met but consistent 
values of KIc were found. Therefore, due to the consistency of the results, the conclusion of 
the study was that the standard should be expanded to cover the measurement of KIc for 
pultruded composites and this is now the case. 
Four reasons are usually given in support of the ECT specimen as a alternative to the 
standard CT for the measurement of the fracture toughness of laminated composite materials 
[19]: 
(i) There is more working room for the experimenter than the standard CT specimen 
if strain or displacement gauges are to be attached.  
(ii) Lower applied loads are required for an equivalent crack tip stress intensity factor 
compared to the standard CT specimen. 
(iii) The specimen design reduces the stresses parallel to the crack growth direction 
and crack growth is more self-similar than the standard CT specimen. 
(iv) The ECT specimen is long enough so that two standard CT specimens can be 
machined from the broken halves for comparison studies. The results of the two 
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standard CT tests will only be valid, however, if no damage has occurred in the 
ECT specimen away from the crack tip. 
The ECT specimen reduced FI2 (failure in the arms of the specimen) by only 10 % and 
had a very small effect on the other failure mechanisms. However, the ECT specimen does 
not reduce FI1 (failure at the back edge of the specimen) compared to the CT specimen, 
which was considered the most critical [18]. 
The geometry of the single edge notch tension (SENT) specimen, Figure 2-12, is very 
similar to that of the ECT specimen but it is loaded in the grips of the test machine.  
 
FIGURE 2-12: SINGLE EDGE NOTCH TENSION SPECIMEN WITH NOMINAL DIMENSIONS IN MM. 
MASTERS [14] VARIED a  BETWEEN 0.25 AND 0.5 W  
This specimen was used by Masters [14] on stitched warp-knit carbon/epoxy composites 
calculating KIc using equation 2-16. It was found that the fracture toughness was 41 – 108 % 
greater than predicted using the previously derived equation [22]:  
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where εuts is the ultimate tensile strain of the fibres, d0 is a characteristic distance 
evaluated using experimental data, Ex is the longitudinal and transverse moduli respectively 
and νij are the Poisson ratios.  
The difference was attributed to the non-uniform stress applied to the specimen due to 
the loading in the grips, where the boundary conditions were more nearly uniform 
displacement. Numerical results in the literature [23] have shown that uniform stress 
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boundary conditions result in a lower measured value of KIc than uniform displacement 
boundary conditions. If the results of experimental testing are to be compared with others in 
the literature, it is important that the crack growth occurs under the same conditions in both 
cases. This makes it difficult to compare the results of CT and SENT specimens, for example, 
and makes the SENT an uncommon choice for measurement of fracture toughness in 
composites. 
The centre-cracked tension (CCT) specimen, Figure 2-13, was used by Vaidya and 
Sun [24] who developed a fracture criterion based on the failure of the 0° plies in the 
laminate. Two separate failure processes were observed during the failure of the multi-
directional laminates (all of which had some plies in the 0° direction). The first was classified 
as stress relief – damage which formed ahead of the crack tip, relieving the high stresses in 
this region. The second process was ultimate failure of the primary load-bearing 0° plies. As 
the fibre strength of the laminate is much higher than that of the matrix, the authors surmised 
that the fibre strength of the laminate which governs the notched strength of the CCT 
specimen. 
The authors stated that 
0
Ic
K , the critical stress intensity factor of the 0° plies, is a material 
constant and this was supported by tests of several layups where 
0
Ic
K  was within 10 % of the 
mean value across all laminates tested. 
0
Ic
K  was then calculated using: 
 
IcIc
KK 
0
 2-24 
Where KIc is the critical stress intensity factor of the laminate and η is a factor relating 
the far-field applied stress in the laminate to the stress in the 0˚ plies, calculated using 
laminate theory based on the layup and material elastic constants. The value of 
0
Ic
K  was then 
used to predict KIc of several laminates. The results compared well to experiments, where KIc 
was calculated using: 
  
W
afaK
Ic
  2-25 
Where ζ is the applied stress at failure, a is the crack length and  
W
af 2  is a 
geometrical factor given by: 
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FIGURE 2-13: CENTRE CRACK TENSION SPECIMEN – MASTERS [14] TESTED SPECIMENS WITH 
W = 50.8, 101.6, 304.8 MM AND 2a/W = 0.25, 0.33 
It is noted by Vaidya and Sun that the calculation of η does not account for the stress 
redistribution around the crack tip. Therefore, this model is only valid for layups which result 
in a relatively small damage zone. Layups where a significant stress redistribution occurs 
before failure, [02/902]s, [903/03/90]s for example, would not be well captured by this work. 
The difficulty of manufacturing this specimen to measure intralaminar fracture 
toughness is great. The crack must be cut in the exact centre of the specimen and each crack 
tip must be prepared very accurately to ensure that the stress state at each crack tip is 
identical. This would be difficult to achieve repeatedly and accurately given the relatively 
small height of the specimen and the difficulty of achieving a good quality ‗internal‘ crack 
tip. 
The Double Edge Notch Tension (DENT) specimen, Figure 2-14 has similar geometry to 
the SENT specimen but with notch on both sides. Hallett and Wisnom [25] used this 
specimen to investigate damage progression of cross-ply and quasi-isotropic laminates.  
The maximum stress during the test was found to decrease as the size of the specimen 
increased. The only exception to this was the similar maximum stress of the 10 mm and 
20 mm wide [45°/90°/45°]s specimens as the failure mode changed from delamination and 
pullout of the plies to fibre failure. 
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FIGURE 2-14: DOUBLE EDGE NOTCH TENSION SPECIMEN WITH NOMINAL DIMENSIONS IN MM 
[25] 
The data reduction was done in the same way as previously discussed for the CCT 
method. As before, 
0
Ic
K , the toughness associated with the tensile failure of the 0 plies, was 
derived. The authors noted that this value increased with crack length with a trend towards an 
asymptote for larger values of crack length, and it was this asymptotic value that was used to 
calculate the laminate fracture toughness. 
The DENT configuration has also been used to measure the intralaminar fracture 
toughness of woven carbon/epoxy composite [26].Initiation values of fracture toughness were 
obtained using the same method as Hallet and Wisnom. The specimen with two pre-cracks 
was noted to introduce extra sources of error associated with specimen symmetry and non-
self-similar crack growth. 
The 3-point bend specimen (3PtB), Figure 2-15, is widely used in the testing of isotropic 
materials but little work has been carried out in the testing of composite materials. 
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FIGURE 2-15: THREE POINT BEND SPECIMEN WITH TYPICAL DIMENSIONS IN MM. LEACH AND 
MOORE [27] TESTED SPECIMENS WITH a  BETWEEN 0.2 AND 0.6 W  
Leach and Moore [27] measured the toughness of the carbon/PEEK in several different 
crack growth directions. Due to unstable crack growth, GIc was calculated using the method 
proposed by Plati and Williams [28], using:  
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where IR is the energy needed to initiate and propagate a crack, calculated as: 
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where Pc and δ are the load and displacement, at crack propagation. B is specimen 
thickness, W is specimen width and Φ is given by: 
    
   
W
aY
W
aY
W
ad
W
aY
222
2
1
2



 2-29 
α and β are geometrical constants.  
W
afY   is found using:  
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 
W
ad
dC  is found experimentally and  
W
aY
2  can be found using measured values of 
Pc at crack growth. 
Fractography images of the specimens showed large amounts of ductile fracture in the 
matrix at the crack tip and also in compression on the un-notched side of the specimen. Due 
to these processes doubt was cast on the validity of the measured GIc. 
Underwood et al. [29] used the 3PtB specimen to measure the fracture properties of 
carbon/epoxy composite laminates but the results were said to be unreliable due to the 
formation of damage under the central load point during testing. 
The four-point bend (4PtB) specimen, Figure 2-16, has been used to measure the 
intralaminar fracture toughness of woven carbon-fibre laminates [16]. Due to unstable crack 
growth, only the initiation value of KIc was calculated using Equation 2-31, but these 
compared well to results using the DENT specimen. 
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where P is the total applied load, c is the distance between the edge of the specimen up 
to the outer loading point (see Figure 2-16), W and h are the width and thickness of the 
specimen respectively, and  
W
af  is a geometrical function given by: 
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The unstable crack growth and the resulting ability to measure only the initiation value 
of KIc means that eh 4PtB specimen yields very little data from each test and so is unlikely to 
be widely adopted for composites testing since material can be expensive. Strong R-curve 
behaviour may also be exhibited meaning that the propagation values of KIc, often used in 
design, can be significantly different to the initiation values. 
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FIGURE 2-16: FOUR POINT BEND SPECIMEN SHOWING DIMENSIONS IN MM USED BY DONADON 
ET. AL. [16]  
This section has shown that a wide range of specimens are currently used to measure the 
mode I fracture toughness of composite laminates. The advantages and disadvantages of each 
specimen have also been discussed. The CT specimen is by far the most widely used and is 
the specimen whose behaviour is most understood and for which most data is available. 
It is the authors belief that none of the other specimens show significant advantages (and 
in some cases, e.g. DENT, 4PtB show significant disadvantages) which warrant their choice 
over the CT specimen, especially given the wealth of data and experience available in the 
literature for the CT specimen. Several of the specimens discussed showed significant 
damage after test in areas away from the crack tip and others were only capable of 
measurement of initiation fracture parameters. Perhaps the most promising alternative to the 
CT specimen is the ECT specimen. However the CT specimen presents a far more efficient 
use of material, a desirable feature for use in material characterisation. 
2.4.1 INTRALAMINAR FRACTURE TESTING USING CT SPECIMEN 
The CT specimen is widely used in literature for measurement of critical energy release 
rate of many different composite layups. The majority of work in the field has been the 
investigation of fracture toughness associated with laminates, with less attention being paid to 
the measurement of toughness of the individual modes of failure, including the intralaminar 
failure associated with fibre failure. 
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Prewo [30] and Pinho et al. [13] highlighted the fact that the measured toughness for 
mode I fibre tensile failure may dependant on layup, as the fracture surfaces of failed CT 
specimens suggested that cracks initiate in the 90 ˚ plies before moving into the 0 ˚ plies 
where failure makes a transition from fibre fracture to higher energy absorbing fibre pull-out. 
This leads to the conclusion that blocking 0˚ plies together leads to higher amounts of fibre 
pull-out, and therefore higher measured toughness values. This theory was confirmed by 
Laffan et al. [31] who found that thicker blocked (or grouped) layers of 0 ˚ leads to higher 
measured toughness values 
Previously the material tested in this work has been tested quasi-statically by Catalanotti 
et al. [32] and Pinho [33]. Catalanotti et al. [32] successfully used digital image correlation 
(DIC) to determine the position of the crack tip in QS CT tests loaded at a displacement rate 
2 mm/min). GIc was then calculated in real time by integrating the DIC software with a 
Matlab code based on the J-integral method. This is an attractive method as it removes the 
need for complex post-processing but at present, the DIC software is not capable of the frame 
rates needed in these high rate tests [34]. Mean values of the initiation fracture toughness and 
propagation values of 97.8 kJ/m
2
 and 133.3 kJ/m
2
, respectively, were measured. In general 
the CT specimen yields measurements of intralaminar fracture toughness with low standard 
deviation – values of between 10 -15 % are typical [9, 33]. 
Pinho [33] found slightly lower values of the fracture toughness for initiation and steady-
state propagation of 113.8 kJ/m
2
 and 146.7 kJ/m
2
 respectively using the FE method of data 
reduction outlined above. 
2.5 HIGH RATE MODE I FRACTURE BEHAVIOUR OF LAMINATED COMPOSITES 
Much work has been done in the development of test methods to determine the 
properties of materials at high rates. A search of the literature shows that there are a wide 
variety of testing methods which are used to measure HR material properties. At this stage it 
is important to understand what is meant by the use of the term high rate as used in the 
literature.  
Figure 2-17 shows the relationship between strain rate and test method. It is worth noting 
however, that if a particular study carries out any tests at higher strain rates than a QS test 
then the test at the higher rate will be designated a ―high rate‖ test. Thus, tests with applied 
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displacement rates of 10 m/s using a servohydraulic machine and Hopkinson bar tests with 
strain rates of 10
4 
/s may both be called high rate tests. 
 
FIGURE 2-17: RELATIONSHIP BETWEEN STRAIN RATE AND TEST METHOD 
Another issue is the definition of a practical measure of rate. In the DCB test most 
studies present GIc as a function of applied displacement rate, which changes with 
experimental setup, or crack speed. Depending on the application of the results either of these 
two methods of presenting the results may be most suitable. For example, if the results are to 
be used to compare the results of a particular HR experimental setup for several different 
materials, then it may be more useful to have a relationship between GIc of each material and 
the applied displacement rate in that setup. Alternately, if the results are to be used as input 
parameters for an FE model of a component with complex geometry then the relationship 
between GIc and crack speed is likely to be more useful. 
 
A knowledge of the rate dependence of fracture toughnesses measured at high crack 
growth rates is particularly important for cases involving crack propagation. Three key issues 
arise consistently in the determination of fracture toughness at high displacement rates [5]:  
(i) Inertia effects are significant when the load changes suddenly and/or there is 
rapid crack growth. 
(ii) Rapid changes in load or crack growth can produce stress waves which affect 
the crack tip stress/strain field and so the failure process. 
(iii)Material properties, which may be used in data reduction, can exhibit strain 
rate dependence. 
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If (iii) is neglected then the behaviour can be discussed using elastodynamic fracture 
mechanics – the dynamic equivalent to LEFM. 
In the early stages of loading the stress intensity factor can vary greatly due to stress 
wave interference (constructive and destructive) at the crack tip. A typical load-time response 
for dynamic loading of a structure, prior to any crack growth, is shown in Figure 2-18.The 
instantaneous value of K depends on the magnitude of the stress waves which pass through 
the crack tip region at a particular time. Therefore, if these stress waves are significant then K 
cannot be determined from the applied loads. 
 
FIGURE 2-18: TYPICAL LOAD-TIME RESPONSE FOR DYNAMIC LOADING [5] 
The spacing of the oscillations depends on the material and geometry of the specimens 
and their amplitude decreases with time as kinetic energy is dissipated from the system. 
Inertia effects are most important at short times. 
When a mode I fracture toughness specimen is loaded quasi-statically, the stress field 
around the crack tip is in equilibrium and is symmetric about the plane of the crack and the 
crack growth behaviour can be accurately described using the principles of LEFM. This 
condition is known as steady-state; the whole specimen appears to react instantaneously to 
the application of the load. As the loading speed increases so inertia begins to play a more 
important part in the behaviour of the specimen. At high loading rates, even with reduced 
specimen acceleration, the stress field around the crack tip is non-symmetric, Figure 2-19, 
which may lead to mixed-mode crack growth [35]. If inertia is playing an important role then 
not only is energy being used to elastically deform the specimen but also to accelerate it [36]. 
Load 
Time 
Intended applied load 
 Measured load output 
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The difficulty arises in defining the loading rate at which the inertial effects become 
significant. Dynamic effects have been shown to be important from displacement rates as low 
as 1 m/s [37]. 
 
FIGURE 2-19: ISOCHROMATIC FRINGES SHOWING THE DYNAMIC STRESS DISTRIBUTION OF 
DAMPED DYNAMIC CT TESTS OF EPOXY RESIN AT TWO TEST SPEEDS, 1 M/S (a) AND 7 M/S (b). 
BOTH SPECIMENS HAD THE SAME ACCELERATION [35] 
Nakamura [38] used experiments and finite element analysis to validate his theory that 
the high strain rate (HSR) behaviour of a sample can be separated into two regions of time 
where the behaviour is dominated by different factors. The short term response is dominated 
by inertial effects and kinetic energy effects while the long term response is essentially quasi-
static and is dominated by energy required for deformation. The long term response is called 
the steady-state response. A transition time, tη, was defined as the point in time when the 
kinetic energy equalled the energy required for deformation. It is the long-term, steady-state 
response that is generally required as the stress distribution in the specimen is known to be 
very similar to the QS stress distribution and so QS data reduction methods can often be used. 
Results, then of high rate experiments are therefore almost always taken after the transition 
time. 
Taking the 3-point bend model and using Euler beam theory it was estimated that the 
kinetic energy dependence on time is given by:- 
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Where UKE is the kinetic energy in the specimen, Us is the strain energy, δ the load-line 
displacement,   the applied displacement rate, B the width of the specimen, c0 the 
longitudinal wave speed in a one-dimensional bar, and Λ a geometry factor. 
The transition time occurs at: 
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The results using this equation correlated well with the FE results. The model was 
derived using global kinetic energy and so discrete stress waves were not considered. 
Therefore the equation is only valid when the stress waves have crossed the specimen several 
times meaning that the stress distribution within the specimen has stabilised and is now 
dominated by the structural deformation of the specimen and not individual stress waves 
traversing the specimen. This does not affect the validity of the estimate of transition time as 
tη occurs when the stress waves have crossed the specimens many times.  
2.5.1 CRACK BEHAVIOUR 
For a brittle material the theoretical maximum crack velocity is the Rayleigh (surface 
wave) velocity [36]. The maximum velocity of crack growth is given by ([39] and similar in 
[5]):- 
for plane strain: 
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a  is the crack speed, a is the crack length, a0 is the initial crack length and k is a 
constant, c0 is the longitudinal wave speed in the crack growth direction. For a long, 
propagating crack a>>a0 and the limit of the equation is  
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It has been shown experimentally that the maximum crack speed is much less than the 
Rayleigh wave speed [40]. It has been suggested that the stress distribution at a high-speed 
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crack tip can be assumed to be the same as that around a QS crack if the crack velocity is 
below 0.3 c0 [41]. 
 
2.6 TEST SETUPS FOR MEASUREMENT OF HIGH RATE FRACTURE TOUGHNESS 
Tests using the standard DCB specimen (Figure 2-3) are among the most common used 
to measure fracture toughness at high applied displacement rates. In some cases the tests are 
carried out using equipment normally used for QS testing. 
In one approach [42] a DCB test is carried out at displacement rates normally used for 
QS testing but with an adhesive film inserted at the crack tip, Figure 2-20, to increase the 
crack initiation toughness. After failure of the adhesive, the subsequent crack growth is 
unstable and results in very high crack speeds to complete separation with no significant 
increase in the applied displacement. By doing this and working at a displacement rate of 
0.1 mm/s Guo and Sun were able to obtain crack growth speeds over 200 m/s in AS4/3501-6 
carbon/epoxy composite.  
 
FIGURE 2-20: PLAN AND SIDE VIEW OF DCB SPECIMEN WITH ADHESIVE FILM TO GENERATE 
UNSTABLE CRACK GROWTH [42] 
Crack length vs time was recorded during the test and used as the input for an ABAQUS 
finite element model. The specimen was controlled to deform in a QS manner until failure of 
the adhesive film after which the crack was allowed to propagate dynamically. This was done 
by loading the specimen at 0.1 mm/s until failure when the crack propagated at high speed 
until failure without further applied displacement. GIc was then calculated using an energy 
balance consideration, Equation 2-37: 
  
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In this equation the energy absorbed during a finite crack extension Δa, in a specimen of 
width B, is equal to the decrease in the sum of the total elastic strain-energy, Us, and the total 
Adhesive 
Initial delaminated 
area 
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kinetic energy, UKE. US and UKE can be output from the ABAQUS model (ALLSE and 
ALLKE) as time history plots to provide the values required for this equation. There is no 
external work in this equation as once crack growth is underway no further displacement is 
applied. The results (Section 2.6.1) were then presented in terms of fracture toughness versus 
crack speed graphs. 
Blackman et al took a different approach while using the DCB specimen to measure GIc 
of fibre composites and adhesively bonded composites at applied displacement rates up to 
15 m/s [43, 44]. The tests were carried out using a high-rate Instron machine. The test was 
monitored using high-speed cameras which allowed accurate calculations of the kinetic 
energy in the arms of the specimen. 
The fracture toughness was calculated using a standard DCB specimen with corrections 
for the kinetic energy. By assuming that the specimen deforms in the same way at high rate as 
it does in QS test the fracture toughness for initiation and stable crack growth were derived 
as: 
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b)Stable growth 0a  
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a is the crack length, E11 is the Young‘s modulus in the fibre direction, h is the thickness 
of one arm, V is the velocity of the applied displacement and c is the wave speed in the fibre 
direction. The first term in each of the above equations is the quasi-static fracture toughness 
of the specimen; the second term is an estimate of the kinetic energy in the arms, assuming 
they deform in the same way as in a QS test. Due to large oscillations in the load vs. time 
curves it was not possible to use the load readings in the data reduction scheme therefore 
these equations were derived to make it possible to evaluate fracture toughness without the 
need of a load reading. The results were then presented in terms of fracture toughness versus 
test (displacement) rate. 
One of the main issues with using the DCB specimen is with the deformation of the arms 
during the high speed loading tests. In order for a crack to grow in mode I, the stress 
distribution at the crack tip must be symmetrical about the crack plane. The QS DCB 
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specimen achieves this by the symmetrical displacement of the arms. At higher displacement 
rates the arms of the specimen deform in a manner which is significantly different to the 
quasi-static form, which may cause a non-symmetrical stress distribution at the crack tip and 
so crack growth may occur in mixed-mode I/II. 
In order to apply a symmetrical displacement to both arms of the specimen, Hug et al. 
[45] created the complex loading rig shown in Figure 2-21. By applying the same 
displacement to both arms of the specimen simultaneously, the aim was to produce a 
symmetrical stress distribution at the crack tip so that the crack would grow under mode I 
conditions. Tests were carried out on UD carbon-epoxy T300/914 laminates at applied 
displacement rates of 1.6 m/s at which speed the kinetic energy, calculated the same way as 
Blackman, above, was said to be negligible. The results were therefore processed using the 
modified compliance calibration technique described in Section 2.3. Rather than express the 
results in relation to the applied displacement or crack growth rate, the authors chose to 
present the measured fracture toughness versus the rate of change of the applied strain energy 
release rate. 
 
FIGURE 2-21: EXPERIMENTAL DEVICE FOR MODE I TESTING AT HIGHER RATES DESIGNED BY 
HUG ET. AL. [45] 
The split-Hopkinson pressure bar (SHPB) has also been used to investigate interlaminar 
fracture toughness of composites using the wedge insertion fracture (WIF) method. There is 
no consensus between papers on the specimens/test method which should be used: Kusaka et 
al. [46], for example, uses a WIF version of a DCB specimen to test carbon-fibre/epoxy, 
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while Sun and Han [47] use a wedge-loaded compact tension specimen to test both carbon 
and glass fibre epoxy laminates. The specimen used by Kusaka et al. is shown in Figure 2-22  
 
FIGURE 2-22: WIF DCB FOR HSR FRACTURE TOUGHNESS TESTING [46] 
The test is very similar to a standard DCB test but the load is applied by a cylinder 
placed between the two arms of the specimen which is then moved towards the crack tip at a 
pre-determined displacement rate. The expression for fracture toughness can be derived by 
assuming the DCB specimen is a pair of self-equilibrated beams of bending span a + g: 
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Py is the y-component of the applied load, P, a is the crack length, g is a correction factor 
for local deformation around the crack tip, b is the width of the specimen, Ex is the Young‘s 
modulus in the x-direction, and I is the moment of inertia (=bh
3
/12) and 2h is the thickness of 
the specimen. 
The compliance at the loading point is the given by [48]: 
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where   and   are both empirical constants. 
GI can then be written as: 
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The remaining difficulty is the measurement of Py. Kusaka et al overcame this by 
measuring the surface strain on the specimen during the test. Using beam theory and 
assuming that the deflections of the beam are small, the strain on the surface of the specimen, 
εh, is given by: 
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Using a reference crack length, a*, a reference compliance, C* and D* can be used to 
express C and D:  
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e is a correction factor for local deformation around the crack tip. 
Finally, GI for the WIF specimen can finally be written as: 
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The effect of friction in these tests was assumed to be negligible as the radius of the 
loading cylinder was much smaller than the crack length. In the same way as the previous test 
method discussed [45], the authors chose to present the measured fracture toughness versus 
the rate of change of the applied strain energy release rate. 
The CT specimen has been used to measure the fracture toughness of polymers, steel, 
reinforced concrete and short-fibre composites. Most of these studies have focused on applied 
displacement rates well below 1 m/s but higher rate tests have concentrated on displacement 
of greater than 1 m/s using SHPB apparatus.  
Gensler et al [49] tested transparent, isotactic polypropylene at test rates between 
0.1 mm/sec and 14 m/s using a standard CT specimen, loaded as in Figure 2-6. 
Beguelin et al [35] also tested the CT specimen at test rates between 1 m/s and 7 m/s on 
epoxy resin. In both studies dynamic effects were limited by placing a damping material 
between the ram and the specimen to reduce the contact stiffness. Isochromatic fringes were 
recorded during the tests using a high-speed camera which showed that a symmetric stress 
state was present in those specimens loaded with low acceleration. The symmetry indicates 
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that the crack was progressing under pure mode I conditions and because the stress state was 
the same as the static case the data could be processed in the same way as a QS specimen– 
using the load measurement. The critical stress intensity factor, K
Ic
, was then calculated using 
equations 2-16 and 2-17. 
The effect of the asymmetric stress state in the undamped cases in this study was to 
induce some mode II at the crack tip. Even in the damped case, the specimens loaded at 7 m/s 
the stress-state of the specimens became slightly asymmetric and the authors suggested that 
10 m/s should be set as the limit for this test for the measurement of mode I critical stress 
intensity factor. 
Applying too much damping during an experiment could over-damp the load-
displacement trace, while too little will not remove the dynamic oscillations in the load 
caused by vibrations in the loading equipment and the specimen itself. Too much damping 
will result in a larger load than that required to cause crack growth, while too little damping 
will cause large oscillations to obscure the load applied to the specimen. It is very difficult to 
apply the correct amount of damping and so it is preferable to have a data reduction scheme 
for HR CT tests in composite materials, which does not rely on the load measured during the 
test.  
Figure 2-23 shows the wedge loaded compact tension specimen used by Sun and 
Han [47]. In the tests with this specimen outputs from the two crack gauges were taken along 
with the output from the strain gauges on the incident and transmission bars. The crack 
growth speed was estimated using the time taken for the crack to travel between the two 
crack gauges. The effect of friction was minimised by applying lubricant between the wedge 
and the specimen and between the specimen and the transmission bar. Unlike the DCB 
specimens mentioned above the dynamic fracture toughness was not calculated directly. 
Instead, the authors used a 2D FE (using ABAQUS) model with crack speed and load as the 
input. 
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FIGURE 2-23: WEDGE LOADED COMPACT TENSION SPECIMEN 
The 3-point bend specimen (3PtB) was used by Wu and Dzenis [50] to measure mode I 
interlaminar fracture toughness of carbon/epoxy composited using the Hopkinson pressure 
bar, Figure 2-24. An FE model of the specimen and fixtures were created and the load applied 
in order to find the crack-opening displacement (COD) assuming that the crack is stationary. 
Using the time to fracture measured during the experiment, the COD at failure was found. 
Based on LEFM of anisotropic materials and assuming that the deformation near the crack 
tip, uy(t), is of the same form as that of the static load case, the relationship between uy(t) and 
the dynamic stress intensity factor, KID(t) was expressed as: 
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and λj (j = 1, 2) are the complex roots with the positive imaginary parts of the eigenvalue 
equation: 
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where S11, S22, S12 and S66 are the elastic compliance values for the material. 
2. Literature Review 
[44] 
 
GIc was then given by: 
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After crack initiation the specimen is still constrained in the support which resulted in a very 
complex stress wave pattern. For this reason only the initial part of the loading curve was 
used to calculate GIc and only initiation values were calculated. 
 
FIGURE 2-24: SCHEMATIC OF HOPKINSON PRESSURE BAR APPARATUS, SPECIMEN AND 
FIXTURES GREATLY EXAGGERATED 
Jiang and Vecchio [51] have carried out preliminary studies on the use of the SHPB to 
test four point bend specimens, Figure 2-25. This preliminary study using steel pre-cracked 
specimens, showed that by increasing the rise time of the incident pulse, the time to fracture 
could be extended so that the specimen fractured after stress equilibrium had been reached 
when stress waves had crossed the specimen several times, see Section 2.5. The load-
displacement traces calculated using the strain measured on the incident and transmission 
bars, were accurate representations of the load applied to the specimen itself, without any 
spurious oscillations. Therefore, the test was said be capable of measuring accurate values of 
GIc, although these were not stated in the published results. 
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FIGURE 2-25: SCHEMATIC OF THE LOADING END OF THE SHPB USED FOR 4-POINT BEND TESTS. 
ALL DIMENSIONS IN MM [51] 
 
The range of test methods mentioned above shows that at the present time there is no 
consensus on the preferred method of interlaminar fracture toughness testing. There is no 
agreement, either, on the trend of fracture toughness with strain rate or how these results 
should be presented. 
All these tests have been used to measure the interlaminar fracture toughness in 
laminated composites but no literature discusses or considers the effect of strain rate on 
intralaminar fracture toughness. 
2.6.1 EFFECT OF TEST RATE ON MODE I FRACTURE BEHAVIOUR OF LAMINATED 
COMPOSITES 
The stiffness and strength behaviour of composites at different loading rates is well 
discussed in the literature, with several review papers having been written, e.g. [52]. In 
general the behaviour of composites is well understood in tension, compression and shear 
loading. It is generally accepted that failure mechanisms which are matrix dominated, e.g. 
transverse tension and compression, are rate dependent, the failure stress decreasing with 
increasing loading rate. Those failure mechanisms which are dominated by the behaviour of 
the fibres, e.g. longitudinal tension, are independent of the applied displacement rate. 
The study of fracture behaviour at high test rates has received less attention. From the 
conclusions about the stiffness and strength behaviour, it would be reasonable to expect 
interlaminar fracture toughness to show a degree of rate dependence, most likely a decrease 
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in GIc with test speed as many resin materials are less tough at higher test speeds [53, 54]. 
Those intralaminar fracture modes which are dependent on the failure of the fibres in tension, 
see Figure 2-2, may therefore not be rate dependent. 
Given below is a summary of the work done so far, in confirming or challenging the 
above hypotheses. 
The standard DCB test was adapted by Guo and Sun [42] to test AS4/3501-6 
carbon/epoxy laminates. An adhesive strip was used to initiate unstable and therefore rapid 
crack growth, Figure 2-20. It was found that at crack speeds less than 200 m/s the dynamic 
fracture toughness was approximately equal to the static values. Over 200 m/s GIc was found 
to change slightly with crack speed, increasing from 155 J/m
2
 at 200 m/s to 200 J/m
2
 at 
350 m/s. 
By using the standard DCB specimens in a high rate servo-hydraulic testing machine 
Blackman et al. [43, 44] tested two carbon-fibre epoxy composite at test rates between 
2mm/min and 15 m/s, reaching crack speeds of between 0.0001 m/s (at 2 mm/min) and 
200 m/s (at 15 m/s). Two epoxy-based adhesives were also tested using the DCB specimen. 
Using equations 2-38 and 2-39 to calculate Gc the effect of the kinetic energy in the arms of 
the DCB specimen was accounted for by assuming that the arms deformed in a manner 
similar to those in a QS test. From these tests it was found that there is no significant rate 
dependence of Gc in the range of test rates studied 
The WIF method in the SHPB setup used by Sun and Han [47], Figure 2-23, concluded 
that propagation fracture toughness for crack initiation in IM7/977-3 carbon-fibre/epoxy 
composites is practically insensitive to crack propagation rates up to 950 m/s and is 
approximately equal to the static initiation fracture toughness. The increasing trend in the 
data was within the scatter of the results and so was not considered significant. It was 
hypothesised that any increases in GIc at higher rates was partly caused by increased fibre 
bridging at higher loading speeds. 
Kusaka [46] used a similar method to Sun and Han, employing the wedge-loaded DCB 
specimen in the SHPB setup to test T300/2500 carbon-fibre/epoxy composite material at 
impact speeds and the standard DCB at displacement rates between 0.01 – 500 mm/min, 
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Figure 2-22. The results, Figure 2-26, showed three distinct regions where the specimen 
showed different behaviour under loading. 
 
FIGURE 2-26: FRACTURE TOUGHNESS VERSUS RATE OF CHANGE OF FRACTURE 
TOUGHNESS [46], ALSO SHOWN ARE RESULTS FROM ALIYU AND DANIEL (REF A, [55]) AND 
SMILEY AND PIPES (REF B, [56])  
In region I, where 
Ic
G < 0.08 J/m
2
s (applied displacement rate   < 0.1 mm/min), the 
crack growth was unstable and GIc was constant, ranging between 255 J/m
2
 and 285 J/m
2
. In 
region II crack growth was also unstable and there was a significant decrease in GIc even 
below the 0.5 mm/min displacement rate given in ASTM standard for the DCB specimen 
[10]. In region III, at test rates corresponding to   > 1 mm/min ( IcG
 >2 J/m
2
s) the fracture 
toughness was said to be constant between 190 J/m
2
 and 220 J/m
2
. The explanation supplied 
by Kusaka for this decrease is that the damage zone at the tip, found by visual inspection after 
testing, is larger in the low-rate tests and this is the cause of a large value of GIc in these tests.  
The symmetrically loaded DCB used by Hug et al. [45] showed that GIc was relatively 
insensitive to the loading rate over the applied displacement rates between 50 to around 
100,000 J/m
2
s. Hug compared the results to those of Kusaka as the materials tested were said 
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to be similar, both tested T300 carbon fibres but Hug used epoxy matrix 914, Kusaka used 
2500. These results fit within the gap in test speeds of Kusaka‘s data in Figure 2-26 between 
Ic
G  = 10
3
 – 105 J/m2s with a mean value of GIc = 186 J/m
2
. The result is slightly lower than 
that suggested by Kusaka at these speeds, but is well within the range of the scatter in both 
sets of results. 
Using the 3PtB specimen in the Hopkinson pressure bar setup, discussed earlier, Wu and 
Dzenis [50] found that the mode I critical dynamic stress intensity factor was 80 – 90 % the 
static value. The striker impact velocity was between 20 – 30 m/s corresponding to crack 
speeds between 900 – 1800 m/s. 
At the present time there is no consensus as to the preferred method of interlaminar 
fracture toughness testing at high rates. Some authors suggest that GIc is constant across all 
test speeds, while others suggest some decrease in GIc with increasing test rate but disagree 
on the test rates at which this decrease occurs. 
2.6.2 CONCLUSION 
A large amount of work has been carried out on the stiffness and strength of composites 
at high rates so that the behaviour of most properties is well understood. 
Work is ongoing into the determination of inter-laminar fracture toughness but no 
consensus has been reached on the best way to achieve this or as to how the results should be 
presented – in terms of fracture toughness versus test speed or crack speed or rate of change 
of critical strain energy release rate. To the best of the author‘s knowledge there is no 
research on HR intralaminar fracture toughness published in the open literature which can be 
compared to the data on the QS intralaminar fracture toughness of laminated composites. 
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3 ANALYSIS OF A DCB SPECIMEN LOADED AT HIGH RATE 
3.1 INTRODUCTION 
This chapter studies the behaviour of a DCB specimen tested quasi-statically and at a 
loading rate of 18.47 m/s. This work was used to give confidence in the ability of the FE 
analysis to accurately model dynamic fracture tests.  
The ability of the DCB specimen loaded at HR to measure mode I fracture toughness 
was investigated along with the assumptions in the derivation of equations proposed in the 
literature for determining IcG , the mode I interlaminar toughness, from high rate (HR) DCB 
tests(see Section 2.6) [43, 44]. 
 
3.2 MODEL DESCRIPTION 
A finite element model was created using LS-Dyna, an explicit FE code, which is 
capable of analysing both the static and dynamic behaviour of the DCB specimen. In the 
literature, a data reduction scheme was proposed to make it possible to evaluate fracture 
toughness without the need of a load reading: [43, 44].  
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b) Stable growth 0a  
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In the equations a and a are the crack length and crack tip velocity respectively, E11 is 
the Young‘s modulus of the specimen arms in the crack growth direction, h is the thickness 
of one arm, V is the applied velocity, t is the time since the beginning of the test, Δ is the 
crack length correction factor, F is the large displacement correction factor, N1 is the end-
block stiffening correction factor and c is the wave speed in the fibre direction, given by: 
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where ρ is the density and υ the Poisson‘s ratio of the arms of the specimen in the plane 
of crack growth. 
drm
Ic
G , defined as GIc calculated from the above data reduction method and carried out 
using the outputs from the FE model, was compared to the critical energy release rate, 
cz
cG , 
determined directly from the cohesive elements in the LS-Dyna model. ( cz
IcG  is calculated 
during crack growth as the energy per unit area dissipated by the user cohesive element [57] 
when it completely fails.) 
In the experimental testing in [58] the DCB specimens were manufactured from 24 plies 
of unidirectional HTS/6376 carbon fibre composite arms bonded with XD4600 adhesive. The 
dimensions of the test specimens, see Figure 3-1, are given in Table 3-1. 
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FIGURE 3-1: SCHEMATIC OF DCB MODEL SETUP 
TABLE 3-1: EXPERIMENTAL DCB DIMENSIONS. SPECIMEN WIDTH, b , WAS MAINTAINED AT A 
NOMINAL 20 MM [58]. 
Test Rate 
Arm 
Thickness h 
[mm] 
Adhesive 
Thickness ti 
[mm] 
Pre-crack 
Length a0 
[mm] 
Specimen 
Length, l 
[mm] 
QS [1 mm/min] 4.24 0.33 59.00 131 
HR [18.47 m/s] 4.06 0.38 52.00 130 
 
Each arm of the specimen was modelled using 8-noded brick elements, with 4 elements 
across the thickness. At the end of each arm a small region of fully-integrated elements was 
used to suppress the hour-glassing problem that was found to initiate in this region when 8-
noded brick elements were used throughout. The material properties for the HTS/6376 CFRP 
composite are given in Table 3-2. 
The elements used to model the behaviour of the interface were cohesive elements as 
detailed in [57]. Investigations were carried out into the effect of different constitutive laws 
on the stability of the model. The linear-polynomial law in Figure 3-2a) was compared to a 
bilinear and a third-order-polynomial law, Figure 3-2b) and c). By studying the load-
displacement curves of the QS model, Figure 3-3, it can be seen that the difference between 
the models using each constitutive law was not significant 
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TABLE 3-2: INPUT PARAMETERS FOR COMPOSITE MATERIAL USED IN DCB MODEL [59] 
Parameter Value 
Density ρ [kg/m3] 1578 
Young‘s modulus 
Parallel to fibre, Ey [GPa] 148.2 
Perpendicular to fibre (in-plane), 
Ex [GPa] 
7.446 
Perpendicular to fibre (out-of 
plane), Ez [GPa] 
7.446 
Poisson‘s ratio 
νyx 0.263 
νyz 0.263 
νxz 0.2563 
Shear Modulus 
Gxy [GPa] 4.137 
Gyz [GPa] 4.137 
Gzx [GPa] 3.516 
 
 
FIGURE 3-2: LINEAR-POLYNOMIAL, BILINEAR AND 3RD ORDER POLYNOMIAL CONSTITUTIVE 
LAWS FOR MODE I [57] 
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FIGURE 3-3: EXPERIMENTAL AND NUMERICAL LOAD VS DISPLACEMENT CURVES FOR A QS DCB 
SPECIMEN (EXPERIMENTAL DATA FROM [58]) 
 
The linear-polynomial constitutive law was chosen as it has been shown to reduce 
numerical instabilities by reducing the severity of the discontinuity at onset of interface 
failure (as compared to a bilinear law) and removing it entirely at complete failure [57].  
The maximum traction, N, in mode I was 75 MPa, the mean of the ultimate tensile 
strengths for the adhesive measured in tensile tests at strain rates between 2.7 x 10
-6
 and 
8.78 x 10
2
 [58]. In mode II the maximum traction, S, was 35 MPa, a value which gave 
accurate results in numerical modelling of mode II QS ENF specimens of the same adhesive 
[60]. The penalty stiffness for both mode I and II was kpos = kneg = 1 x 10
5 
N/mm
3
, the value 
used in the validation studies of the cohesive element [57]. 
Interface element length, in the y-direction, was chosen to be no larger than 0.16 mm to 
ensure that at least 4 elements were within the cohesive zone and so avoiding spurious 
oscillations in the load-displacement response of the model.  
The displacement was applied to the specimen at the mid-thickness of the left end of the 
upper arm by means of an applied velocity in the z-direction, Figure 3-1. The load points 
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were constrained so that they were free to translate in the z-direction only and free to rotate 
about any axis. The mid-line of the left end of the lower arm was constrained in the y- and z-
directions but was free to rotate. One side of the mid-line of the left end of the lower arm was 
also constrained in the x-direction. The other end of the model was free of any support 
conditions, Figure 3-1. 
The model was tested for 2 different applied velocities to represent the experiments 
conducted quasi-statically (QS model) and at a high applied displacement rate of 18.47 m/s 
(HR model) [58]. 
QS models were run at 0.35 m/s with a combination of mass scaling and damping used 
to ensure that the kinetic energy was negligible in comparison to the total energy (made up of 
kinetic, strain, hourglass energies and energy absorbed by damping). It was also ensured that 
the hourglass energy and the energy absorbed by damping were negligible (i.e. less than 5 %) 
in comparison to the internal energy of the model. By these means the models run at 0.35 m/s 
behaved in a quasi-static fashion. At HR, no mass scaling or damping were implemented as 
these would affect the dynamic behaviour of the specimen. 
The applied velocity profile is shown in Figure 3-4 (a constant applied velocity was 
found to induce large vibrations in the load trace, particularly at high rates). For the QS test 
tmax, the time for complete separation of the DCB arms, was found to be 0.056 s and for the 
HR test tmax = 0.00181 s. 
 
FIGURE 3-4: VELOCITY PROFILE FOR DCB MODEL 
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In the data reduction scheme, Equations 3-1 and 3-2, require the time, t, since the 
beginning of the test, assuming a constant applied velocity. In order to account for the ramp 
in Figure 3-4 the time used in the data reduction scheme is given by Equation 3-4. This 
correction ensures that the displacement at a given time (equal to the area under the graph in 
Figure 3-4) is the same in both the experiment and the FE model. 
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For mixed-mode delamination growth, the power law criterion, Equation 3-5, was used, 
with α = 1: 
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Values of α = 1, α = 1.5 and α = 2 were tested in the model of a HR DCB test and 
showed no significant effect on the ratio of cz
I
G /
cz
total
G  versus crack length, Figure 3-5. 
 
FIGURE 3-5: 
cz
I
G /
cz
total
G  VS CRACK LENGTH CURVES FOR A DCB SPECIMEN NUMERICAL MODEL 
LOADED AT 18.47 M/S WITH   = 1.0, 2.4, 10.0 
crack length, a [mm]
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The value of mode I fracture toughness input into the interface elements corresponded to 
the average value of 
exp
Ic
G  obtained during experiment from each specimen at their respective 
test rate; the QS value of 
exp
Ic
G  was 2.96 kJ/m
2
 while at HR 
exp
Ic
G  = 2.36 kJ/m
2
 [58] (but it 
should be noted that Rodriguez Sanchez [58] suggested that this HR value may be unreliable 
due to the asymmetric deformation observed at this speed). The QS value of 
exp
IIc
G  was 
7.09 kJ/m
2
. 
Experimental values of 
exp
IIc
G  at HR were not readily available for the material tested and 
so two different 
IIc
G /
exp
Ic
G  ratios were investigated in the FE model. One of 
IIc
G /
exp
Ic
G = 2.4 
(equal to the QS experimental ratio) and 
IIc
G /
exp
Ic
G = 10, for comparison. 
 
FIGURE 3-6: G VS CRACK LENGTH CURVES FOR A DCB SPECIMEN NUMERICAL MODEL LOADED 
AT 18.47 M/S WITH INPUT GIIC/GIC RATIOS = 2.4 AND 10.0 
Figure 3-6 shows G versus crack length for the numerical DCB models with input values 
corresponding to IIcG /
exp
Ic
G  ratios of 2.4 and 10 compared to the experimental results at 
18.47 m/s [58]. It can be seen that the IIcG /
exp
Ic
G  ratio significantly affects the G versus crack 
length results but that the QS ratio of 2.4 captures the experimental results reasonably well, 
while IIcG /
exp
Ic
G = 10 significantly over-predicts G for a given crack length compared to the 
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experimental data. Therefore the ratio of GIIc to 
exp
Ic
G  at HR was assumed identical to the ratio 
for the QS experimental results (
IIc
G /
exp
Ic
G = 2.4) giving an input value of GIIc = 5.66 kJ/m
2
 
for the HR model. 
Unlike the QS experimental results from the same source [58], which found that 
measured value of 
exp
Ic
G  was independent of crack length, the HR model results show a strong 
reduction in 
drs
Ic
G  with crack length for a < 90 mm. This suggests that increasing test speed 
creates conditions at the crack tip after initiation, which are not identical to the symmetrical 
strain distribution in QS tests. The reduction in measured 
drs
Ic
G  suggests that the crack may be 
growing under mixed mode I/II or even mode II conditions which are not captured by the 
data reduction scheme given its initial assumption that the deformation of the specimen is the 
same for HR tests as for the QS tests, where the deformation of both arms is symmetrical 
about the plane of crack growth. 
3.3 EXPERIMENTAL COMPARISON 
As has already been shown the QS load-displacement curves for the numerical model 
accurately represents the results found in the experiments of the same specimen, Figure 3-3. 
The load-displacement curve of the HR test at 18.47 m/s is shown in Figure 3-7. There are 
significant differences between the numerical and experimental results, but the general trend 
of the numerical data is similar to the experimental data. One reason for the difference is that 
the numerical model has no damping. However the peak load in the numerical data is 87 % of 
the experimental load, suggesting that that it is not unreasonable to suggest that the HR model 
is accurately representing the experiment. Crack data is extracted from the HR model until 
time, t = 0.67 sec after which the numerical load becomes negative and the experimental load 
experiences a sharp drop (t = 0.765 sec), suggesting that the numerical model is not capturing 
the last few mm of crack growth as the specimen arm separates. This data is discounted from 
further numerical results. 
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FIGURE 3-7: EXPERIMENTAL AND NUMERICAL LOAD VERSUS DISPLACEMENT FOR HR TEST AT 
18.47 M/S 
During QS testing and in the QS model, the arms of the specimen deflect symmetrically, 
Figure 3-8(a), where the red elements are cohesive elements which have completely failed. 
The HR model at 18.47 m/s, however, shows very different behaviour. The upper arm (where 
the velocity is applied) is much more curved than the lower arm which shows less curvature, 
Figure 3-8(b). The corresponding high-speed videos of the HR DCB experiments at 15 m/s 
also show significant asymmetry in the deformed shape, Figure 3-8 (c).  
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FIGURE 3-8: PREDICTED DEFORMED SHAPE OF THE DCB SPECIMEN WITH AN ARM 
DISPLACEMENT OF 10 MM FOR THE A) QS MODEL AND B) HR MODEL  
Using experimental results from [58], it is possible to assess the ability of the model to 
accurately reproduce the real specimen behaviour. In the data reduction scheme developed by 
Blackman et al [43, 44] crack length and time measured from the beginning of the test are 
input into Equations 3-1 and 3-2 to calculate
drs
Ic
G . It is therefore valuable to compare the 
experimentally observed and numerically predicted crack length variation with time or with 
load-point displacement which is equivalent, Figure 3-9. (Crack length was measured when 
each cohesive element had completely failed; the length of the cohesive zone was 
approximately 0.9 mm.) From Figure 3-9 it can be seen that for the QS model the crack 
length versus displacement trace is very accurately predicted by the FE model.  
a
a
(a) QS model
(b) HR model
(c) HR experiment
a
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FIGURE 3-9: EXPERIMENTAL AND NUMERICAL RESULTS FOR BOTH THE QS AND HR MODEL 
Initially, the HR model also very accurately predicts the crack length versus 
displacement behaviour. At higher displacements, however, the model under-predicts the 
crack length found in the experiment. During the experiment stick-slip behaviour was 
observed in the specimen from a crack length of approximately 70 mm. This behaviour is not 
modelled in the cohesive element and it is believed that this is the reason for the differences 
between the experimental and predicted the crack length versus displacement traces. The 
change in gradient of the curve of the HR model loaded between a = 85 mm and a = 100 mm 
is coincident with the sharp increase in the energy consumed in mode I fracture shown in the 
FE model, Figure 3-10 (this behaviour will be discussed in more detail later). The analytical 
GI/(GI + GII) of the FE model is calculated using Equation 3-6 from Charalambides et al [61]: 
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Where M1 and M2 are the moments in the upper and lower arms of the FE specimen 
about the x-axis at the crack tip.M1 and M2 are obtained from the bending moments in the 
upper and lower arms output by LS-Dyna at the location of the crack tip of the DCB model. 
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The comparison in Figure 3-10 is between the output of the interface elements in the FE 
model and the calculation of Equation 3-6 using the moments in the arms of the FE model. 
As such, it is not an independent validation of the FE model, but adds only to the confidence 
in the implementation of interface elements and in the FE model as a whole. The shape of 
Figure 3-10 is further discussed in Section 3.4.3. 
  
FIGURE 3-10: GI/(GI + GII) FOR THE HR DCB MODEL 
 
3.4 VALIDATION OF DATA REDUCTION SCHEME 
3.4.1 QUASI-STATIC TEST SPEED 
Using the values of crack length and time which were output from the QS model it was 
possible to assess the accuracy of Equations 3-1 and 3-2 and the validity of the assumptions 
used in their derivation. cz
IcG  is calculated during crack growth as the energy per unit area 
dissipated by the user cohesive element [57] when it completely fails. The value of cz
IcG  
agreed well with the input value of 2.95 kJ/m
2
 for GIc of the adhesive, as shown in Figure 
3-11. 
drs
Ic
G , calculated using data from the FE model and Equation 3-2, was within 
approximately 2 % of the input value for crack lengths between 59 mm and 100 mm. At 
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crack lengths greater than 100 mm the accuracy of the fracture toughness decreases greatly 
due to the built-in condition, assumed in the data reduction equations, no longer being valid.  
 
FIGURE 3-11: FRACTURE TOUGHNESS OF THE QS DCB SPECIMEN 
 
3.4.2 HIGH RATE TEST SPEED  
The fracture toughness calculated from the HR model using Equation 3-2 shows good 
agreement with the experimentally measured value of 
exp
Ic
G , at crack lengths less than 
a = 90 mm, Figure 3-6. This suggests that the HR FE model is accurately representing the 
experimental test. 
Figure 3-12 shows the value of the energy absorbed, cz
totalG , by the interface elements and 
the mode I and mode II components, cz
lG  and 
cz
IIG . It can be seen that the increase in 
accuracy of equation 3-2 is associated with a rapid increase in the energy absorbed in crack 
growth in mode I. This is not surprising as the data reduction method assumes that all the 
energy is absorbed in mode I.  
drs 
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FIGURE 3-12: 
cz
I
G  AND 
cz
II
G  OUTPUT VALUES DETERMINED FROM THE COHESIVE ELEMENTS 
FOR THE HR MODEL 
 
3.4.3 DISCUSSION 
Equations 3-1 and 3-2 accurately yield the correct toughness from the numerical results 
for the QS DCB test but do not do so when applied to the HR DCB model data. Possible 
reasons for this will now be discussed. 
In the HR model the kinetic energy term (term 2 in Equation 3-2) accounts for 
approximately 8 % of the total fracture toughness when a = 62 mm. Using the energy 
components of the FE model output from LS-Dyna, the proportion of energy release rate 
which is due to kinetic energy was found to be approximately 24 % for the same crack length. 
This was found by calculating the change in kinetic energy during crack growth of 1 interface 
element in length divided by the change in all other energy components (strain energy and 
hourglass energy) over the same length, at a crack length of 62 mm. 
This was calculated from the change in energies as the crack advanced by one element 
length — approximately 0.16 mm. This large difference may be due to the assumption in the 
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derivation of Equations 3-1 and 3-2 that the deformation of the arms in the high-rate models 
is the same as in the QS models. 
In order to measure mode I fracture toughness using the DCB specimen the arms of the 
specimen need to deform symmetrically throughout the test. During QS testing this is indeed 
the case and this is confirmed by the deformed shape, shown in Figure 3-8(a), predicted by 
the QS DCB model. The HR model, however, shows very different behaviour. The upper arm 
(where the velocity is applied) is much more curved than the lower arm which shows less 
curvature, Figure 3-8(b). The corresponding high-speed videos of the HR DCB experiments 
at 15 m/s also show significant asymmetry in the deformed shape, figure Figure 3-8 (c). The 
asymmetry of the curvature of the arms in the HR model indicates that the crack growth will 
not be pure mode I fracture as observed in the earlier Figure 3-10 and Figure 3-12. 
The modal components of energy release rate determined from the model are shown in 
Figure 3-12. Initially crack growth is dominated by mode I fracture but very quickly this 
changes to mixed mode crack growth where 
cz
I
G /( cz
IG +
cz
IIG ) ≈ 0.35 until a ≈ 72 mm. The 
amount of mode I then oscillates before rising to almost 100 % at around a = 99 mm. It is 
suggested that before a = 99 mm the specimen is affected by the dynamics of the loading, 
particularly the sudden increase in load at the onset of the test. As the crack reaches 
a = 99 mm the magnitude of the dynamic waves passing through the specimen has decreased 
to create a ―quasi-static‖ stress distribution within the specimen. 
As mentioned in Chapter 2, Nakamura [38] used experiments and finite element analysis 
to validate his theory that the high strain rate (HSR) behaviour of a sample can be separated 
into two regions of time where the behaviour is dominated by different factors. The short 
term response is dominated by inertial effects and kinetic energy effects while the long term 
response is essentially quasi-static and is dominated by energy required for deformation. 
Using the ENF specimen, he determined that the transition time between the short- and long-
term response is given as the time at which: 
 1
s
KE
U
U
 2-33 
where UKE is the kinetic energy and US is the strain energy in the specimen. 
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From the direct output of the numerical model this corresponds to a = 90 mm, where 
cz
I
G /( cz
IG +
cz
IIG ) ≈ 0.80 and soon after at a = 99 mm 
cz
I
G /( cz
IG +
cz
IIG ) ≈ 1. While the HR 
model in this case has shown that pure mode I crack growth does not occur until after 
a = 90 mm, at a = 99 mm, it is not unreasonable to suggest that the measurement of GIc (i.e. 
exp
Ic
G ) in HR DCB tests should not be made using QS assumptions until after the transition 
time defined by Nakamura as above. 
3.5 CONCLUSION 
The use of the DCB specimen for the measurement of mode I fracture toughness at QS 
test rates is well documented and the results understood. At higher loading rates dynamic 
effects can introduce difficulties in accurately determining the fracture toughness. 
A finite element model of a DCB specimen was developed and showed good correlation 
with experimental results in terms of crack length versus load-point displacement under both 
quasi-static loading and at a loading rate of 18.47 m/s. Equations developed for processing 
high-rate DCB test data were applied to the output of the FE models and the resulting 
toughness values were compared to those determined directly from the cohesive elements in 
the models. For the QS model it was found that these equations work well giving a mode I 
toughness within approximately 2 % of the input value. However for the HR model the data 
reduction equations yielded values of 
drs
Ic
G  which were very different to the input value. Key 
factors in the differences were identified as the larger contribution of kinetic energy to the 
fracture growth than assumed in the data reduction equations, the lack of symmetry of the 
deformed shape and, as a consequence, the mixed-mode nature of the crack growth. This 
confirms the experimental observations made by Rodriguez Sanchez [58]. 
This FE study has shown that the standard DCB specimen loaded at high rates may not 
be suitable for the measurement of high-rate mode I fracture toughness, GIc, because of the 
significant mode II component which occurs during the crack growth. However, if a data 
reduction scheme is used such as that derived by Blackman et al. is used, measurements 
should be confined to the region of crack growth which occurs after the transition time. 
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4 DESIGN OF A HIGH RATE TEST FOR MODE I 
INTRALAMINAR FRACTURE TOUGHNESS 
4.1 INTRODUCTION 
For a mode I toughness test it is important to achieve a pure mode I stress distribution 
locally at the crack tip, but as seen in Chapter 3 this can be difficult to achieve in high rate 
tests. When designing the new test, several other factors also need to be considered: 
(i) If using an energy balance approach in the data reduction scheme then it must be 
possible to accurately account for the change in KE 
(ii) The effect of dynamic loading on the measurement of test data must be 
considered, e.g. the load measurement may be dominated by dynamic oscillations 
so it may not be possible to use the standard data reduction schemes  
(iii) The test must be easily repeatable with a simple design and should use equipment 
and tools which are readily available 
The following chapter describes the development of the design of a specimen to measure 
the high rate, mode I, intralaminar fracture toughness of laminated composites. Preliminary 
investigations into several different CT specimens are discussed and each potential specimen 
was modelled using LS-Dyna – the use of cohesive elements in literature are also discussed. 
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Then the detail of the finite element modelling of the chosen specimen is given. Finally a data 
reduction scheme which is independent of the applied load is proposed. 
4.2 PRELIMINARY SPECIMEN DESIGN CONSIDERATIONS 
The most simple way to create mode I conditions at the crack tip is to load the specimen 
symmetrically with respect to the crack path. As the compact tension specimen is the most 
common specimen used to measure QS intralaminar fracture toughness, a wedge-loaded 
version of the standard specimen was initially suggested for use in measuring HR 
intralaminar fracture toughness, Figure 4-1. This is the solution suggested by Kusaka et al. 
[46] in studies using the DCB specimen to measure interlaminar fracture toughness using the 
SHPB apparatus, Figure 2-22. A similar setup, with much larger specimens was also used to 
test steel-reinforced concrete at QS test rates [62, 63]. 
 
FIGURE 4-1: WEDGE-LOADED CT SPECIMEN  
The main reason for the use of this type of specimen is that it loads the specimen 
symmetrically, with respect to the crack path, and so a symmetrical stress state is formed 
around the crack tip, even at higher test rates, Figure 4-2. However, the wedge itself 
introduces serious problems. A slight misalignment of the wedge and specimen could 
significantly change the loading conditions and cause large scatter in the results which would 
be difficult to reduce. This is not as significant in QS tests as wedge and specimen alignment 
can be controlled during the test, and the test stopped if misalignment detected. In the SHPB 
setup, the specimen and wedge are in contact from the beginning of the test and this along 
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with the small displacements involved means that it is unlikely that significant misalignment 
would occur. However when using larger specimens in a servo-hydraulic machine the effect 
of a small initial misalignment could cause damage to the machine itself or the fixtures being 
used if the test is not stopped instantly. Using a circular-shaped ―wedge‖, Figure 4-3, would 
overcome the problems with misalignment, this is the setup preferred by Sun and Han [47], in 
wedge-insertion fracture SHPB tests using interlaminar CT specimens, Figure 2-23. 
 
FIGURE 4-2: Z-DIRECTION STRESS IN A WEDGE-LOADED CT SPECIMEN LOADED AT 10 M/S 
 
 
FIGURE 4-3: WEDGE LOADED CT SPECIMEN WITH CIRCULAR WEDGE 
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When measuring the load in a wedge-loaded test, it is important to minimise or account 
for the effect of friction between the wedge and the specimen. The effect of friction is to 
increase the applied load to above that which is needed to cause crack growth alone. In QS 
tests of concrete specimens [62, 63] friction has been reduced using rollers, but these are 
more difficult to implement on the smaller specimens being considered here. In the SHPB 
setup [46, 47], displacements are very small and a lubricating grease is used to reduce the 
effect of friction. 
Supporting a wedge-loaded specimen also raises significant issues. In the wedge loaded 
DCB setup, the end of the specimen furthest from the loading points is clamped in position. 
Due to the length of the DCB specimen, the clamped end only affects the results at large 
crack lengths. However, in a conventionally proportioned CT test the entire crack growth 
range would be influenced by the clamped end condition and it may be difficult to achieve a 
perfectly uniform support condition along the specimen edge. Another solution is to place the 
specimen on a roller located at the centre of the back edge of the specimen, Figure 4-4, 
allowing the specimen to deform in a more similar way to the standard QS test. However, at 
high rates, it would be difficult to maintain the symmetrical wedge loading during the test as 
a very small initial misalignment would cause the specimen to fail rapidly under a non-
symmetrical wedge load. 
 
FIGURE 4-4: WEDGE-LOADED CT SPECIMEN SUPPORTED BY A ROLLER AT THE CENTRE OF THE 
BACK FACE OF THE SPECIMEN 
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In addition to the experimental difficulties, the wedge-specimen contact region is also 
very difficult to model. As mentioned before, the friction between the two surfaces needs to 
be estimated and friction coefficients input into the model. Without significant QS and HR 
experimental analysis, it is unlikely that the applied load in the FE model will accurately 
represent the load required for crack growth. 
Due to the issues with accounting for the effect of friction and supporting the specimen it 
was decided not to pursue the wedge-loaded design and to examine in detail the behaviour of 
a CT specimen loaded at high rates through loading pins as in the conventional QS CT test, 
Figure 4-5. 
 
FIGURE 4-5: COMPACT TENSION (CT) SPECIMEN, SHOWING THE DIMENSIONS USED IN THIS 
WORK [13] 
 
4.3 COHESIVE ELEMENT MODELLING OF CT SPECIMENS 
In addition to the cohesive laws discussed in the previous chapter, the shape of the 
softening law can also be chosen to capture different processes happening at different stages 
of crack growth.  
A mixed-mode trilinear cohesive law was proposed by Hansen et al. [64] to model 
delamination exhibiting fibre bridging. The parameters required to define the cohesive law 
are obtained from an R-curve and equation 4-1.  
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Davila et al. [65] proposed a similar modelling strategy for intralaminar crack growth to 
capture the rising R-curve often observed during intralaminar crack growth. The first part of 
the softening law corresponds to the development of a short process zone at the crack tip and 
the second part to the development of a long process zone in the wake of the crack 
(development of fibre bridging). The parameters required to define the cohesive law were 
obtained from the R-curve measured with CT specimens [13].  
The choice of bi-linear cohesive law over a tri-linear law was made due to the accuracy 
of the bilinear law in previous work by Pinho et al. [33]. Also, the addition of trilinear 
cohesive elements increases the complexity and therefore the run-times of the explicit finite 
element models. For the HR models this would have been acceptable but since the QS models 
took upwards of 14 hours to complete (even with significant mass scaling) it was thought that 
the small increase in accuracy would not warrant a much longer run time, provided that the 
same form of cohesive law is used in both the QS and HR models. 
 
4.4 INVESTIGATION OF PIN-LOADED CT SPECIMEN FOR HIGH TEST RATES 
A pin-loaded CT model, Figure 4-6, was created to represent the experimental setup and 
specimen dimensions used by Pinho et al [13]. The model used material properties for IM7-
8552 carbon-fibre epoxy composite [66] with a layup of [(90,0)8,90]s. Laminate material 
properties, calculated from the unidirectional material properties using laminate theory 
(Appendix A), for the specimen are given in Table 4-1. 
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FIGURE 4-6: SCHEMATIC OF CT MODEL SETUP 
TABLE 4-1: INPUT PARAMETERS (TO 3SF)  FOR IM7-8552 COMPOSITE MATERIAL USED IN CT 
MODEL, CALCULATED FROM UD PLY PROPERTIES IN APPENDIX A 
The loading pins had the material properties of titanium with a density of 4430 kg/m
3
, 
Young‘s modulus of 113.8 GPa, shear modulus of 44 GPa and Poisson‘s ratio of 0.342 [68]. 
The specimen was modelled using 8-node solid elements with a single element through 
the thickness. Reduced integration elements were used in the model except for a small region 
at the rear of the specimen (next to the cohesive element region) and around the loading pins, 
Parameter Value 
Density [67] ρ [kg/m3] 1570 
Young‘s modulus 
Ex [GPa], (out-of plane) 8.60 
Ey [GPa] 88.1 
Ez [GPa] 98.0 
Poisson‘s ratio 
νyx 0.42 
νzx 0.42 
νzy 0.34 
Shear Modulus 
Gxy [GPa] 3.50 
Gyz [GPa] 4.48 
Gzx [GPa] 3.50 
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as well as the loading pins themselves, where fully-integrated, 8-node solid elements were 
used in order to suppress the hour-glassing problems that were found to initiate in these 
regions.  
The elements used to model the behaviour of the interface were bi-linear cohesive 
elements detailed in [57]. The value of Mode I fracture toughness input into the interface 
elements was 72.4 kJ/m
2
, which is the average value of GIc measured in the QS experiments 
for a < 40 mm [9]. All models, irrespective of test rate, used the same value of GIc. The 
properties of the interface element were defined using the terms defined in Figure 3-2.The 
maximum traction, N, in Mode I was 700 MPa – the failure strength of the laminate in the 0° 
direction calculated from the unidirectional material properties using laminate theory and the 
maximum stress failure criteria. It has previously been shown that the value of N does not 
significantly affect the results (load versus displacement) of the FE model [57] but that the 
model becomes more numerically stable, i.e. fewer spurious oscillations are observed in the 
load output, as N is reduced. The penalty stiffness kpos = kneg = 3.3 x 10
4
 N/mm
3
 is a value 
typical of what works well [69].  
The maximum interface element length was 0.17 mm ensuring that at least four elements 
were within the cohesive zone, so avoiding spurious oscillations in the load-displacement 
response of the model.  
The displacement was applied to the specimen at the centre-point of each end of the top 
loading pin by means of an applied velocity in the z-direction. The load points were 
constrained so that they were free to move in the z-direction only and free to rotate about any 
axis. The centre-point of each end of the lower pin was constrained in the x-, y- and z-
directions but was free to rotate. No other support conditions were applied in the model. A 
surface-to-surface contact with a penalty stiffness based algorithm was implemented between 
the pins and the specimen. 
The model was tested at a range of velocities from QS to 20 m/s. To reduce run times the 
QS models were run at 0.1 m/s with a combination of mass scaling and damping used to 
ensure that the kinetic energy was less than 1 % of the total – made up of kinetic, strain, 
hourglass energies and energy absorbed by damping. It was also important to ensure that the 
hourglass energy, kinetic energy and the energy absorbed by damping was less than 10 % of 
the strain energy of the QS model as larger amounts have been shown to affect the load and 
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energy histories of the model [70]. At higher displacement rates no mass-scaling or damping 
were implemented as these would affect the dynamic behaviour of the specimen. 
The applied velocity profile is shown in Figure 4-7. Using a model run without the 
velocity ramp, the value of tmax was found as the time at which the all the cohesive elements 
had completely failed. Using this, the duration of the velocity ramp was calculated as 
1
/10 tmax. 
This initial ramp removes the vibrations in the load trace associated with the large forces 
which arise when the test velocity is applied without the ramp. This is particularly important 
at higher test velocities.  
 
FIGURE 4-7: VELOCITY PROFILE FOR CT MODEL 
 
4.4.1 MODEL VERIFICATION 
The load-displacement trace from the QS model is shown in Figure 4-8 along with a 
curve generated from linear implicit FE analysis. Using the J-integral method, the energy 
release rate was calculated from an ABAQUS FE model and the load and displacement which 
resulted in an energy release rate equal to GIc was recorded and plotted in Figure 4-8 for a 
range of crack lengths. There is good agreement between the two different curves. The LS-
Dyna model is compared to experimental results in Chapter 7 for more detailed validation. 
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FIGURE 4-8: LS-DYNA QS MODEL OUTPUT COMPARED WITH ABAQUS PREDICTION 
 
A primary concern with this specimen was the potential for mixed-mode fracture when 
loaded at high rate (as obtained earlier in Chapter 3 for the DCB specimen). At 10 m/s the 
stress field around the crack tip is very nearly symmetrical, Figure 4-9, suggesting that 
despite the non-symmetrical nature of the boundary conditions, the crack is growing in 
mode I. At 10 m/s, GI / (GI + GII) is greater than 99.4 % for all a < 45 mm. GI and GII are 
calculated during crack growth as the energy per unit area dissipated by the user cohesive 
element [57], based on normal and shear displacements, when the element fails completely. 
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FIGURE 4-9: Z-DIRECTION STRESS IN A STANDARD CT SPECIMEN LOADED AT 10 M/S 
 
4.5 FAILURE INDICES 
An important concern with the standard pin-loaded specimen was that the large applied 
loads at high rates would lead to damage or even failure of the material around the loading 
pins. The stresses in the model were investigated to establish whether any other failure 
mechanism could occur during the test. The failure mechanisms considered were 
compression at the back face of the specimen in the 0° or 90° plies (FM1(0°) and FM1(90°)), 
compression of the specimen arms in the 0° or 90° plies (FM2(0°) and FM2(90°)), matrix 
cracking due to in-plane shear stresses (FM3) and bearing (FM4) or shear (FM5) failure in 
the loading holes (Figure 4-10).  
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FIGURE 4-10: FAILURE MECHANISM LOCATIONS IN CT SPECIMEN 
The failure index for FM1 and FM2 were computed by using the strain values obtained 
from FE and the corresponding stresses related to the 0º and 90º ply failure was obtained 
using laminate theory. The remaining failure indices were calculated using the stresses from 
the FE model. The equation used for each failure index is given in Table 4-2. 
TABLE 4-2: DEFINITION OF FAILURE INDICES USED FOR THE CT SPECIMEN 
 FM1(0º) FM1(90º) FM2(0º) FM2(90º) FM3 FM4 FM5 
FI 
c
yc
Y
0

 
c
yc
X
90

 
c
xc
X
0

 
c
xc
Y
90

 
S
xy

 
Lc
c
tdY
P
 
teS
P
c
2
3
2
 
Where 
Yc = compressive strength of the ply in the fibre direction = 1573 MPa [66] 
Xc = compressive strength of the ply in the transverse direction (perpendicular to the fibre) = 
255 MPa [66] 
YLc = compressive strength of the laminate in the y direction = 868 MPa, calculated using 
laminate theory from data in [66] 
S = shear strength of the laminate = 101.2 MPa [66] 
P = applied load 
t = thickness of specimen 
d = diameter of loading holes 
e = distance from the centre of the hole to the edge of the specimen in the loading direction 
The QS and HR failure indices are shown in Figure 4-11 and Figure 4-12. In the QS 
results, it can be seen that FM1(0°) is the most likely modes of failure in the specimen, other 
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than the desired crack growth. The same can be said for the HR results. As the QS specimens 
are regularly used to measure intralaminar fracture toughness, there is no reason to rule out 
this specimen for use at HR for this reason. The simplest way to ensure that all the energy is 
being used up in crack growth during the test is to visually inspect the specimen after the test. 
If damage in the regions of FM1(0°) is apparent then the test will be counted as invalid. The 
high rate results show that only at test speeds above 10 m/s was failure predicted (FM1 in 
Figure 4-10) at a late stage in the test, where crack length, a > 36 mm. 
 
FIGURE 4-11: QS FAILURE INDICES. A FAILURE INDEX GREATER THAN ONE INDICATES FAILURE 
OF THE SPECIMEN AT A LOCATION SEPARATE TO THE CRACK TIP 
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FIGURE 4-12: HR FAILURE INDICES FOR A MODEL LOADED AT 10 M/S. A FAILURE INDEX 
GREATER THAN ONE INDICATES FAILURE OF THE SPECIMEN AT A LOCATION SEPARATE TO 
THE CRACK TIP 
 
4.5.1 DATA REDUCTION METHOD 
The load-displacement curve from the CT specimen loaded at 10 m/s is shown in Figure 
4-13. Loading at this rate corresponds to an average crack speed of 234.1 m/s between 
initiation, a0 = 26 mm, and a = 40 mm. Due to the dynamic effects discussed previously, the 
onset of crack growth cannot be clearly deduced from this curve and the fracture toughness 
cannot readily be deduced from the applied load. 
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FIGURE 4-13: LOAD-DISPLACEMENT OUTPUT OF LS-DYNA MODEL LOADED AT 10 M/S 
Since the applied load is used in all the QS data reduction schemes (see Section 2.4) 
another method of data reduction must be found. This section outlines a new method of 
calculating the fracture toughness in CT specimens loaded at high displacement rates. 
Figure 4-14 shows the z-direction compressive strain, εB at the back edge of the CT 
specimen versus the crack length for both the QS model and those loaded at 10 m/s. From 
this figure it can be concluded that the effect of inertia and of stress waves within the 
specimen is very small – contributing to a average 0.91 % decrease in strain from the QS to 
the 10 m/s model from initiation, a = 26 mm, to a = 36 mm. The other reason for the 
similarity of the HR and QS curves of Figure 4-14 is, of course, because the same 
intralaminar toughness has been used in the FE model. If, in reality, the toughness and/or the 
stiffness parameters are rate dependent then the experimentally observed εB versus a curves 
will not be the same for the HR and QS tests.  A higher value of toughness at higher test 
rates, for example, would lead to the 10 m/s line on Figure 4-14 moving vertically upward, 
i.e. more compressive strain at the back edge of the specimen for the same crack length – see 
Figure 7-16. 
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FIGURE 4-14: STRAIN AT THE BACK EDGE OF CT SPECIMEN FOR BOTH QS AND HR MODEL 
Several locations for the measurement of strain during the HR test were considered. 
Strain gauges at the position where failure modes 2 and 3 are calculated as well as the back 
edge of the specimen, where FM 1 is calculated, Figure 4-10.  
The midpoint of the arms of the specimen (where FM2 is calculated) was immediately 
ruled out following the work on failure modes which showed different strain measurements 
for a given crack length between the QS and HR model results, Figure 4-11 and Figure 4-12. 
The position used for FM3 and FM1 both showed similar strain levels for the QS and HR 
models and so either could be used during the experimental analysis and the data reduction 
method. However, from a practical point of view, it is much easier to consistently position the 
strain gauge accurately at the centre of the back edge of the specimen than to at the position 
where FM3 is calculated. Therefore the data reduction scheme is developed and used, during 
the experimental work, based on the assumption that the strain is measured at the centre of 
the back edge of the CT specimen in both the QS and HR tests. 
It is proposed to use the experimental QS 
B
  versus a data and the associated loads to 
enable the HR toughness to be determined from the experimental HR 
B
  versus a data. Using 
the QS model data the ratio, k(a), of the critical applied load, 
c
P , to the strain associated with 
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crack length, 
QSB ,
 , measured close to the back edge of the specimen, can be determined as a 
function of crack length, a: 
 
)(
)(
)(
,
a
aP
ak
QSB
c

  4-2 
k versus a for all of the QS specimens is plotted and a trend is calculated using the least 
squares method and assuming the form of the experimental curve is the same as that of the 
equivalent QS FE model, i.e. a 2
nd
 order polynomial. An equivalent load, )(aP
HR
, for the 
specimen loaded at HR can then be determined from the experimentally observed strain, 
HRB ,
 , and crack length as: 
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,
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4-3 
The value of HR fracture toughness can then be determined by using the compliance 
calibration method: 
  4-4 
where C is the compliance of the specimen. Substituting )(aP
HR
 for P from Equation 4-2 
gives: 
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where 
HRIc
G
,
 is the HR Mode I intralaminar fracture toughness of the specimen, k(a) is 
calculated using Equation 4-1, 
HRB ,

 
is the strain measured at the back surface of the 
specimen for a given crack length in the HR experiment and t the thickness of the specimen 
in the x-direction. Assuming the compliance of the specimen for a given crack length is the 
same in both the QS and HR (i.e. there is no rate dependences of the stiffness properties) 
models then dadC  can be calculated from the QS model. 
da
dC
t
P
G
2
2

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Figure 4-15 shows the ratio of 
InputIcHRIc
GG
,,
/  calculated using Equation 4-4 using the 
predictions of 
HRB ,
  for the specimen loaded at 10 m/s. From Figure 4-15 it can be seen that 
the percentage error in the results is an average increase of 5 % from the QS to the 10 m/s 
models for crack lengths between 26 mm and 36 mm. Given this inaccuracy of the data 
reduction technique, if in experimental testing the average HR value is measured to be 
significantly greater than 5 % higher than the QS value then the result could indicate that the 
GIc is rate dependent (subject to examination of the scatter of the two data sets). 
Figure 4-14 shows that the proposed data reduction strategy works well for crack 
lengths, a < 36 mm. At crack lengths greater than 36 mm in a HR test, the stress field around 
the crack tip is affected by the compression stresses at the back of the specimen. This can be 
seen in Figure 4-16, where stress in the z-direction is shown at crack lengths of 26 mm 
(initiation), 36 mm and 38 mm. Initially the stress field around the crack tip is small and 
when the crack begins it has reached the size shown in Figure 4-16a. The size of this zone 
remains the same until a = 36 mm, Figure 4-16b. After a = 36 mm, the size of the stress field 
around the crack tip starts to decrease as it approaches the region of compression at the back 
edge of the specimen, Figure 4-16c.  
During a QS test the size of this stress field at a particular crack length is within 10 % of 
the size of the HR stress field at the same crack length, up to crack lengths, a < 36 mm. After 
this, the size of both stress fields decrease, but the HR specimen field decreases faster than 
the QS specimen. The size of the stress field in the QS test is shown in brackets in Figure 
4-16. 
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FIGURE 4-15: GHR/GIC,INPUT VERSUS A FOR THE SPECIMEN LOADED AT10 M/S 
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FIGURE 4-16: COMPARISON OF STRESS FIELD AROUND THE CRACK TIP AT CRACK LENGTHS OF 
26 MM, 36 MM AND 38 MM 
A) a = 26 mm
B) a = 36 mm
C) a = 38 mm
Z-stress
z
x
y
20.7 mm (QS 20.2 mm)
15.0 mm 
(QS = 18.7 mm)
20.1 mm (QS 21.6 mm)
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4.6 CONCLUSION 
The use of the standard CT specimen for determining the Mode I intralaminar fracture 
toughness of composites at QS test rates is well documented and the results understood and 
accepted. This chapter has shown that the CT specimen is suitable for testing at higher 
applied displacement rates. A finite element model of the CT specimen has been developed 
and it has been shown that for the geometry and material considered intralaminar crack 
growth will occur in the absence of any other failure mode for applied displacement rates of 
almost 10 m/s. 
Dynamic effects mean, however, that the results cannot be analysed in the same way as 
for QS results, using the load-crack length data. A data reduction scheme has been outlined 
which does not require the measurement of the load during the high rate tests. Strain at the 
back edge of the specimen and the crack length are measured in HR tests and from this data 
and the QS specimen behaviour the mode I fracture toughness can be calculated. 
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5 MATERIAL CHARACTERISATION AND CT SPECIMEN 
MANUFACTURE 
5.1 INTRODUCTION 
This chapter provides a summary of the basic mechanical properties of the composite 
material and describes the manufacture of the CT specimens used for the experimental work 
presented in the remainder of this thesis. The material used is carbon fibre prepreg with an 
epoxy matrix, IM7/8552.  
5.2 MATERIAL CHARACTERISATION 
For use in the finite element (FE) models and in the data reduction scheme a full 
understanding of the quasi-static stiffness, strength and fracture properties of the IM7/8552 
material is required. Table 5-1 summarizes the properties measured by Psarras [66]. The data 
compares relatively well with the data from the Hexcel Data Sheet [67] although both 
strength values appear significantly lower than the manufacturer data. The lower strength 
values (compared to the manufacturer data) are also observed by Camanho et al, who 
measured a longitudinal tensile strength of 2326.2 MPa and a transverse tensile strength of 
62.3 MPa [71]. 
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TABLE 5-1: MATERIAL PROPERTIES OF IM7/8552 [66] 
Property  Units Measured 
Value 
CV [%] Hexcel 
Data[67] 
Test method 
Longitudinal 
direction 
(parallel to fibre) 
Tension 
Strength [MPa] 2260 7.4 2724 ASTM 
D3039-76 [72] Modulus [GPa] 176.6 6.8 164 
Comp. 
Strength [MPa] 1572.9 6.6 1600 Imperial College 
Method [73] Modulus [GPa] 154.1 1.5 150 
Transverse direction 
(perpendicular to 
fibre) 
Tension 
Strength [MPa] 62 7.6 111 ASTM 
D3039-76 [72] Modulus [GPa] 8.6 14.3 12 
Comp. 
Strength [MPa] 254.6 4.6 - Imperial College 
Method [73] Modulus [GPa] 9.8 4.4 - 
Shear  
Strength [MPa] 101.2 4.0 120 ASTM D3518D-
3518M [74] Modulus [GPa] 4.48 22.0 - 
Poisson’s Ratio   0.34 3.1 - 
ASTM 
D3039-76 [72] 
Interlaminar Critical 
Energy Release Rate  
Mode I [J/m2] 302.0 13.6 277.4* ASTM D5528 [10] 
Mode II [J/m2] 630.9 14.0 787.9* 4ENF [75] 
* the interlaminar critical energy release rate corresponds to previously published data [71] 
5.3 CT SPECIMEN MANUFACTURE 
5.3.1 INTRALAMINAR CT SPECIMENS 
For the specimens which were used to measure intralaminar fracture toughness, Figure 
5-1, three panels with dimensions 430 x 300 mm were manufactured. Each panel was made 
of 34 prepreg plies, each of 0.125 mm nominal thickness, with a layup of [(90,0)8,90]s with 
the 0° direction aligned with the longer side of the panel. The panels were then cured 
according to the prepreg manufacturer‘s instructions. 
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FIGURE 5-1: COMPACT TENSION (CT) SPECIMEN [13] 
 After curing, each panel was scanned ultra-sonically using a C-scan to detect defects, 
Figure 5-2. The C-scan measures the attenuation of a transmitted pulse, the amount of 
attenuation being affected by defects in the composite panel, e.g. voids, delaminations and 
foreign inclusions. The long, red zones in Figure 5-2 are the metal bars on which the panels 
are placed in position. The scans show that the panels are free from serious defects and 
therefore the whole panel, apart from the edges, was used to manufacture specimens. 
 
FIGURE 5-2: C-SCAN OF THREE MANUFACTURED PANELS OF IM7/8552 SHOWING NO DEFECTS 
ON ANY PANEL 
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Specimens of 60 mm x 65 mm were cut from the panel using a wet saw, with the 65 mm 
dimension (0° direction) aligned with the longer side of the panel. With the specimen held on 
a sacrificial composite plate the 8 mm diameter holes were then drilled. 
The crack tip for each specimen was prepared in three steps: 
(i) A notch, approximately 4 mm wide, with a total length of approximately 30 mm was 
cut with a circular saw fitted with a diamond-coated cutting disc. 
(ii) A thin crack for next 10 mm was obtained using a 0.2 mm thick razor saw. 
(iii) The crack tip was further sharpened using a sawing action using a 0.1 mm thick razor 
blade. 
A micrograph of the crack tip is shown in Figure 5-3. 
After this final manufacturing step, each specimen was C-scanned once more to ensure 
that no damage had occurred during the specimen preparation, particularly around the drilled 
holes. Between each manufacturing step and after this final C-scan, the specimens were 
stored in a dry oven at 40°C to remove any moisture which may have accumulated in the 
specimen. 
 
 
FIGURE 5-3: CRACK TIP PREPARATION OF AN INTRALAMINAR CT SPECIMEN 
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Before testing, the surface of each specimen was painted white using a water-based 
spray paint. This created a thin layer for marking a scale for measuring crack growth which 
would not chip or disintegrate as the crack passed through it. A crack measurement scale was 
marked on each specimen along the region of crack growth. For the QS test specimens this 
scale was drawn with 1 mm intervals, while for the HR test specimens, the scale was drawn 
with 5 mm intervals. The shorter intervals on the QS specimens meant that the crack length 
could be measured to the nearest 0.5 mm during the test. In the HR crack measurements 
would be taken after the test using video stills calibrated to the specimen scale. Before each 
test, a strain gauge was bonded at the centre of the back edge on one face of the specimen. A 
typical finished specimen is shown in Figure 5-4. 
 
FIGURE 5-4: TYPICAL FINISHED INTRALAMINAR CT SPECIMEN PRIOR TO TESTING 
 
5.3.2 INTERLAMINAR CT SPECIMENS  
Having developed a test method to measure HR intralaminar fracture toughness, it was 
decided to measure interlaminar fracture toughness using the same principles.  
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FIGURE 5-5: CT SPECIMEN USED TO MEASURE INTERLAMINAR FRACTURE TOUGHNESS (FOR 
CLARITY, ONLY THOSE DIMENSIONS WHICH DIFFER FROM FIGURE 5-1 ARE SHOWN) 
Previously, CT specimens have been used to measure interlaminar fracture toughness in 
QS tests [76]. The standard CT specimen used here for intralaminar tests is used with a layup 
of [90]8, but the results are significantly affected by fibre bridging [77].  
In order to avoid the issues with significant fibre bridging a new specimen had to be 
designed which would reduce the amount of fibre bridging, Figure 5-5. The specimen 
consists of a long, thin, central piece, which contains a delamination film on its central plane 
and two side panels. In the traditional interlaminar CT specimens, any slight misalignment of 
the fibres in the composite plies will cause large amounts of fibre bridging as fibres cross the 
plane of crack growth.  
The use of the delamination film may lead to a rather blunt resin rich crack tip region. 
Williams and Kinloch [78] reported that the crack tip plastic crack tip bluntness is a very 
strong parameter in determining the stick-slip behaviour of polymers; A smaller amount of 
energy is needed for a crack to grow when it is sharp than when it is blunt. A blunt crack tip 
leads to an excess of energy in the system, in the same way as the resin rich region 
intentionally created by Guo and Sun [42] in DCB testing. This excess of energy can produce 
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unstable crack growth when the energy is suddenly released in the form of fast crack 
propagation. 
Standard tests usually recommend pre-cracking to advance the crack beyond the resin 
rich region at the crack tip [10, 79]. It was not possible to do this in these specimens due to 
their brittle nature. Any attempt to pre-crack the specimen would lead to complete separation 
of the arms of the specimen. 
There is a risk, therefore, with these interlaminar specimens that a resin rich region at the 
edge of the release film, may cause the crack to initially grow in an unstable manner. This 
mechanism and its effects on the results are investigated further in section 8.3.1. 
 
5.3.2.1 Interlaminar CT Specimen Manufacture 
To manufacture the central piece, one panel with dimensions 300 x 300 mm was laid-up, 
Figure 5-6a. The panel consisted of 36 unidirectional plies, each of nominal thickness of 
0.125 mm. The lay-up was done in two halves of 18 layers. On one half a non-stick 
fluoroethylene polymer film, 12.5 µm was placed at both ends, before placing the other half 
on top. After curing according to the manufacturer‘s instructions, the panel was C-scanned to 
check for defects and then cut into 5 mm strips using a wet saw. 
The laminate through-thickness direction of the two larger, flat pieces is perpendicular to 
the y-z plane (see Figure 5-5). The two side pieces were made from two, identical panels with 
dimensions 430 x 300 mm, the 0° direction being aligned with the longer side of the 
laminate, Figure 5-6b. Each panel was made of 34 unidirectional prepreg plies each of 
0.125 mm nominal thickness. After curing according to the manufacturer‘s instructions and 
C-scanning, the panels were cut to size using the wet saw. 
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FIGURE 5-6: LAYUP OF PANELS USED TO MANUFACTURE INTERLAMINAR CT SPECIMENS 
The three pieces for each specimen were joined using 3M Scotch-Weld Epoxy 9323 
adhesive. The contact surfaces were ground before the adhesive was applied to ensure a flat, 
smooth surface for the adhesive bond. The specimens were then placed in a specially made 
fixture, Figure 5-7, to hold the glued surfaces together while the adhesive cured. The fixture 
was covered in a release film, to ensure that the specimens could be removed from the fixture 
when the adhesive had cured without incurring any damage. 
 
FIGURE 5-7: INTERLAMINAR CT SPECIMENS IN HOLDER USED TO APPLY PRESSURE TO 
ADHESIVE BOND WHILE THE ADHESIVE CURED 
Once the adhesive had set, all surfaces of the specimens were ground flat to ensure that 
the specimens were square and flat. 8 mm holes were then drilled, as in the intralaminar 
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specimens. Unlike the intralaminar specimens, the interlaminar specimens were not C-
scanned as the moisture would affect the behaviour of the bond.  
It was also not possible to pre-crack the specimens as the crack tended to propagate to 
the end of the specimen when this was attempted. This means that it was likely that each 
specimen had a small resin-rich region at the crack tip which may cause the specimen to fail 
with a large initial crack jump. This will be discussed later in Chapter 8. 
The surface of the specimens were painted white as before and finally, before each test, a 
strain gauge was bonded at the centre of the back edge on one face of the specimen. 
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6 EXPERIMENTAL TESTING AND ANALYSIS 
6.1 INTRODUCTION 
This chapter describes the experimental work carried out to measure the intra- and 
interlaminar fracture toughness at QS and HR test speeds using the specimens described in 
Chapter 4. The filtering strategy used for the experimental data and the steps taken to ensure 
that legitimate readings are not obscured by the filtering are then outlined.  
An important aspect of measuring fracture toughness, is knowing when crack growth has 
initiated. Due to the scatter in the unfiltered data this is very difficult, but after filtering the 
onset of crack growth may be more easily determined. The method for doing this is outlined 
at the end of this chapter. 
 
6.2 EXPERIMENTAL SETUP 
6.2.1 QS TESTS 
The intralaminar compact tension (CT) tests, Figure 6-1, were carried out in an Instron 
machine fitted with a 10 kN load cell. A total of eight specimens were loaded at 0.5 mm/min. 
During the tests the specimens were illuminated by two strong light sources. The crack length 
was monitored via a magnifying CCD camera which was connected to a monitor. This image 
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was used along with an event marker connected to the data logger to monitor crack growth. 
Strain at the back edge of the specimen was measured using a strain gauge, see Figure 5-4. 
Load, applied displacement, crack opening displacement (measured using an LVDT) strain at 
the back edge of the specimen and crack length were recorded during the test.  
The interlaminar CT tests were carried out in the same manner as the intralaminar tests, 
with the exception of the load cell, where a 1 kN capacity load cell was used and the test 
speed, which was reduced to 0.1 mm/min. 
 
FIGURE 6-1: QS EXPERIMENTAL SETUP FOR THE CT TEST 
 
6.2.2 HR TESTS 
HR tests were carried out using a servo-hydraulic Instron machine, at cross-head 
velocities between 0.2 m/s and 12 m/s. The typical setup for the HR tests is shown in Figure 
6-2.  
Displacement was measured using an LVDT mounted at the top of the machine. 
Between the ram and the specimen a lost-motion device (LMD) is used to ensure that the ram 
has undergone adequate acceleration prior to specimen loading. The LMD is made up of a 
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titanium rod and a ‗cup and cone‘ contact unit made from aluminium. The cup and cone 
design meant that hard rubber washers could be fitted at the contact unit which cushioned the 
impact between the ram and the LMD. Without these washers a large peak load is 
experienced prior to crack initiation which can damage the load cell and cause significant 
dynamic oscillations in the measured load. 
It is difficult to determine the correct amount of damping required using these washers. 
The minimum amount of damping must be applied to reduce the oscillations in the load prior 
to crack initiation. Adding too much damping (using too many washers) can create non-
linearity in the displacement-time measurements so that a non-constant displacement rate is 
applied to the specimen. For this reason the results of each test were checked to ensure that 
the applied displacement rate during crack growth was constant. Finally, the rubber washers 
were checked after 2-3 tests and were replaced if damaged to ensure that a consistent amount 
of damping was applied to each test. 
 
 
FIGURE 6-2: HIGH RATE TEST SETUP FOR THE CT SPECIMEN 
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During the test, displacement, load, strain and a trigger output are recorded. Load is 
measured using a high natural frequency, short rise time, piezo-electric, 44.5 kN capacity 
load cell. Strain is measured at the same position as in the QS tests; at the centre of the back 
edge of one of the specimen faces. A high-speed camera is used to monitor the crack length 
on the specimen during the test. The trigger output from the Imatek system is a constant 
voltage output until the ram passes a preset position when the voltage drops to zero. The 
trigger output is fed into the high-speed camera which indexes the frame captured at the time 
when the voltage drops to zero as frame number zero. It is this trigger channel which allows 
the data output to be synchronised with the camera video frame sequence.  
The specimen is mounted in the machine grips using two specially designed grips. The 
lower, stationary grip was made from aluminium, while the upper grip, which moves at the 
test speed, was made from titanium. A titanium grip, along with the largely titanium LMD, 
are used to minimise the weight of moving parts and so reduce the effect of inertia during the 
test. Inertial effects have been shown to be important in the determination of Gc in high rate 
tests [35, 36]. 
 
6.2.2.1 High-Speed Photography 
A high-speed video (HSV) camera was used to create videos of each test. From these 
videos crack length was measured and the crack length data was synchronised with the 
remaining test data using the trigger channel as described above. 
The camera used was a Vision Research Phantom 7.1 high-speed digital camera loaned 
from the EPSRC Engineering Instrument Pool. The camera was used with a Nikon macro 
zoom lens with a focal length of 24 – 85 mm and an f-stop of 2.8. 
Exposure time was kept to a minimum for all tests as short exposure times are required 
to capture clear images of rapidly moving objects. Two 1.5 kW lamps were used to provide 
enough illumination of the specimen during the test to allow a clear image to be captured 
using exposure times of the order of 10 µs. The lights were turned on a few seconds before 
the test to avoid heating of the specimen. 
At a frame rate of 48,000 fps, the Phantom 7.1 camera has a maximum resolution of 
800 x 600 pixels. At the highest speed tests, a higher frame rate was obtained by using a 
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lower resolution. In order to maintain accuracy at lower resolutions a smaller region around 
the crack growth was captured by the camera while ensuring that the first 20 mm of crack 
growth was recorded.  
Figure 6-3 shows the relationship between frame rate and resolution for the camera, with 
the highlighted points showing those used in the tests. Interlaminar specimens showed higher 
crack speeds at lower test rates and these are shown to the left of the line on the figure while 
intralaminar tests fall to the right of the line. 
 
FIGURE 6-3: FRAME RATE VS NUMBER OF PIXELS FOR THE PHANTOM7.1 CAMERA, 
HIGHLIGHTED POINTS SHOW THOSE USED DURING TEST PROGRAMME 
 
6.2.2.2 Data Acquisition Method (HSV and Data Acquisition Synchronisation) 
Data acquisition was carried out using the ImpAcqt software developed by the Imatek 
company [80]. This software enables simultaneous recording from up to eight separate 
transducers which are synchronised together accurately in time. The system was used to 
simultaneously trigger recording from the HSV, the load, displacement and strain 
transducers, at a pre-set ram position. The arrangement of the data acquisition system is 
shown in Figure 6-4. 
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FIGURE 6-4: HIGH RATE DATA ACQUISITION SETUP 
 
6.2.2.3 Crack Length Measurements from HSV 
In Chapter 2 several different methods for determination of the crack tip were discussed; 
initiation by visual observation (VIS), initiation found from deviation from linearity (NL) and 
initiation from 5% offset/maximum load. Given the inability to accurately measure the load 
applied to the specimen, the only one of these which is suitable for the HR test is initiation by 
visual observation. Catalanotti et al. [32] successfully used digital image correlation to 
determine the position of the crack tip in QS CT tests (2 mm/min). This removes the 
variability associated with the user measuring the position of the crack tip by visual 
inspection, but currently the DIC software is not capable of the frame rates needed in these 
high rate tests [34]. 
The black and white images allowed further digital image processing in order to 
facilitate crack length measurements. An edge sobel horizontal filter, part of the Phantom 
camera software, was applied to the HSV. This filter is an edge detection technique which 
uses the gradient method to detect the maximum or minimum first derivative of the image. 
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The advantage of applying the filter is that it removes unwanted or insignificant parts of the 
image and focuses attention on the areas where the largest changes in gradient are detected, in 
this case, the crack. A comparison of the filtered and unfiltered image is shown in Figure 6-5. 
It can be seen that the position of the crack front is more easily detected in the filtered image, 
without any change in its position compared to the unfiltered image, giving a more consistent 
result. 
 
FIGURE 6-5: COMPARISON OF CRACK TIP POSITION IN IMAGE FILTERED USING A HORIZONTAL 
EDGE SOBEL FILTER AND AN UNFILTERED IMAGE 
The ImpAcqt software allows the user to measure crack length directly from the HSV 
recording. The software itself then correlates the load, strain and displacement data at the 
time corresponding to the frames where crack length is measured and outputs the results in a 
table which can be exported to Excel®. While this method overcomes the need to manually 
synchronise the video and data together other issues arose during its use. First, the ability to 
zoom in on the crack tip was limited and as the measurement of GIc is dependent on an 
accurate measurement of the crack tip position this method limited the accuracy of the crack 
length measurement. Second, a related point, the crack tip did not show on the video as a 
distinct point. Due to the pixelated image, the crack tip showed up as a line of pixels which 
moved through a gradient from totally black to totally white, Figure 6-6. This was hard to 
distinguish on the ImpAcqt image. 
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FIGURE 6-6: CLOSE UP OF CRACK TIP IN FILTERED IMAGE 
Therefore it was decided to process the HS camera images using the Image Tool 
software [81], a free image processing and analysis program. Only those frames which 
showed that crack growth was occurring were extracted from the HSV. For stable growth, 
therefore, consecutive frames were extracted. For unstable growth the frames immediately 
preceding those which showed a change in crack length were chosen, corresponding to the 
crack arrest points. These frames were combined as a series of still images, called a ―stack‖, 
so that the change in crack length was more easily identified in the change between one 
image and the next.  
From the image stack the position of the initial crack tip (at a0 from the loading line), 
was determined, along with the pixel at the crack tip which was white and the pixel which 
was black, Figure 6-6. The position of the crack tip was taken as the point mid-way between 
this white and black pixel. The change in crack length was then found as the straight-line 
distance between a0 and the position of the crack tip. The crack length was found by adding 
a0, measured after the tests, to this measure of the change in crack length. 
The Image Tool software was also used to calibrate the crack length measurement using 
the scale marked on the side of the specimen. Using the image of the scale of known length 
on the specimen, the length of one pixel in the HSV was determined and used to calculate the 
crack length in mm from the Image Tool output in pixels. 
In order to speed up the data reduction process the frame number, position of a0, position 
of the black and white pixels and the pixel length were input into a MatLab script [82] and 
the crack length at each frame determined. The same Matlab script was also used to automate 
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the selection of the crack length data and the load, displacement and strain data. The trigger 
output showed where the camera had been triggered to start numbering frames beginning at 
zero. The frame rate in frames per second was then used to connect each frame captured by 
the camera to its corresponding load, displacement and strain data. The data at the frames 
corresponding to each stage of crack growth was used to calculate GIc. 
 
6.3 ANALYSIS OF HIGH RATE EXPERIMENTAL RESULTS 
The assumption that forms the basis of the data reduction scheme in Chapter 4 is that the 
strain measured at the back edge of the CT specimen is unaffected by dynamic effects. These 
dynamic effects prevent the applied load from being used. Figure 6-7 shows the load-
displacement trace for a typical experimental test at 4 m/s. From this figure it can be seen that 
the onset of crack growth cannot be clearly deduced from the load-displacement curve and 
the fracture toughness cannot readily be deduced from the applied load. The load 
measurement is dominated by dynamic oscillations originating from the experimental test 
setup and test machine, which have a time period of approximately 0.3 milliseconds. 
 
FIGURE 6-7: LOAD VERSUS TIME FOR AN APPLIED DISPLACEMENT RATE OF 4 M/S 
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The strain versus time trace for the same experiment, Figure 6-8, shows that the large 
oscillations in the load measurement are not present in the strain measurement, indicating the 
strain measurement can be relied upon to give an accurate indication of the stresses within the 
specimen. The strain measurements, however, show high frequency oscillations which are 
present from the beginning of the strain measurement but which increase in magnitude after 
crack initiation. These oscillations cause large scatter in the calculated GIc. 
 
FIGURE 6-8: STRAIN VERSUS TIME FOR AN APPLIED DISPLACEMENT RATE OF 4 M/S 
Oscillations of the same frequency as the strain measurement, Figure 6-8, are also 
present in the displacement measurement, Figure 6-9. Since the applied displacement is 
linear, i.e. has no oscillations, we know that the oscillations in this measurement are due to 
both the effect of stress waves within the specimen and to spurious noise. It would not be 
unreasonable, therefore, to suggest that the strain reading will be affected in the same way.  
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FIGURE 6-9: DISPLACEMENT VERSUS TIME FOR AN APPLIED DISPLACEMENT RATE OF 4 M/S 
In order to reduce the scatter in the results it was decided to filter the strain and 
displacement data using a finite impulse response (FIR) filter. Filtering experimental data is 
often ruled out as filtering can remove legitimate readings. Ideally in this case, filtering the 
data would not significantly affect the mean GIc but would reduce the standard deviation of 
each specimen. 
6.3.1 FILTERING STRATEGY 
The filter used is a finite impulse response (FIR) filter. This filter was chosen because it 
can be easily designed to have linear phase. Linear phase filters result in a constant delay 
across all frequencies and because all frequencies are delayed by the same amount, the 
essential form of the signal is unaffected. In this case the linear phase is particularly useful as 
the linear time delay of the signal after it passes through the filter can be easily reversed. 
 FIR filters are, in general, easier to design than infinite impulse response filters (IIR) but 
their main disadvantage is that they require more computational power to achieve a given 
filter response characteristic compared to an IRR filter. In this case a relatively small amount 
of data is being filtered and so this is not a significant problem. 
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Only strain and displacement data between the start and end of the test was filtered. The 
start of the test was defined as the time at which the first crack length was measured, i.e. the 
crack initiation time when a = a0. The end of the test was defined as the time when 
a = 36 mm as this was the crack length in the LS-Dyna models where the stresses around the 
crack tip were affected by the crack reaching the end of the specimen, see Section 4.4.1. 
The filter was implemented using the Matlab filtfilt command. This is a zero phase, 
equiripple filter which also minimises the start and end transients by matching the initial and 
final conditions. Beginning with the strain sequence, ε[n] which has the z-transform Ε(z), the 
filter carries out the following steps: 
1. The strain signal, E(z), is passed through an equiripple filter h[n], in the reverse order 
ε[-n] which has the z-transform Ε(z-1). The result of this has the z-transform 
   zHzE 1 . In Figure 6-10 the original signal is shown as a step function, Figure 
6-10a, and after filtering the signal is shifted one step to the right, Figure 6-10b 
2. The result is then reversed, Figure 6-10c: 
 )()()(
1
 zHzEzY  6-1 
The amplitudes of H(z
-1
) and H(z) and are equal but the phases are opposite. 
3. Y(z) is then applied to H(z), reversing the phase shift in step 1, and the data reversed 
again giving the filtered strain values, εf[n]: 
 )()()(][ 1 zHzHzEn
f

  6-2 
This is the original sequence E(z) which has been filtered by the zero-phase filter 
H(z
-1
)H(z), Figure 6-10d. 
 
The disadvantage of using this filter is that in the Matlab script the length of the input, n, 
must be more than three times the filter order. This is a problem at higher test rates as the 
short test time reduced the length of the input data set dramatically. This was overcome by 
reflecting and flipping the data about its endpoints as shown in Figure 6-11, in the same way 
as the filtfilt algorithm does to minimise the end effects. In Figure 6-12 the original data is 
highlighted in red and the input into the filter is in blue. After filtering, the data is truncated to 
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include only the original data in the centre of the data set, again, in the same way as the filtfilt 
algorithm. 
 
 
FIGURE 6-10: STEPS USED IN THE MATLAB FILTFILT COMMAND ILLUSTRATED USING A STEP 
FUNCTION AS THE INPUT SIGNAL 
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FIGURE 6-11: ILLUSTRATION OF FLIPPING AND REFLECTING OF TEST DATA PRIOR TO 
FILTERING 
 
 
FIGURE 6-12: REFLECTED DATA INPUT INTO FILTER, ORIGINAL DATA HIGHLIGHTED IN RED 
BOX 
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Filter parameters were calculated using an estimate of the power spectral density (PSD) 
of the displacement data is made using Welch‘s method [83]. The power spectral density of a 
signal shows the power carried by the wave per unit frequency. White noise shows up as a 
horizontal line in a PSD and peaks indicate that something is occurring over the noise. 
Welch‘s method is a modified form of Bartlett‘s method [84] by filtering windowed data 
segments which overlap in time. Welch‘s method reduces the noise in the calculated spectral 
density when compared to Bartlett‘s method when analysing imperfect, noisy, experimental 
data. 
Welch‘s method splits the data set into L data segments of length M, overlapping by D 
points. If D = M/2 the overlap is 50% — this is the overlap used here. If D = 0 then the 
method is the same as Bartlett‘s method. Each of the L data segments is then windowed. The 
window function gives more influence to the data at the centre of the window than to the data 
at the edge, the purpose of the overlap in segments is to overcome this. The power spectrum 
of the data set is then calculated using a discrete Fourier transform and then computing the 
square of the magnitude of the result. The power spectrum gives a plot of the signal's power 
(energy per unit time) falling within given frequency bins. 
The power spectrum of the displacement data, calculated as described above, is shown in 
Figure 6-13. Background noise in a power spectrum appears as a horizontal line, in this case 
the equiripple filter add additional ―bumps‖ to this line. The peak at low frequencies is due to 
the behaviour of the specimen above this background noise, suggesting a low-pass filter with 
a cut-off frequency, Fcut-off of 4000 Hz would remove the high frequency oscillations in the 
displacement and strain data. The power spectrum was calculated for all tests and was found 
to be independent of test speed. 
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FIGURE 6-13: WELCH POWER SPECTRAL DENSITY FOR DISPLACEMENT DATA 
A low-pass filter can be described using the four parameters, Fpass, Fstop, Apass, Astop, 
Figure 6-14. Apass, was set to -1 dB and Astop to -80 dB. The strain data was then filtered with 
a range of Fpass and Fstop values and the filtered and unfiltered data compared using a least-
squares method to find the values of Fpass and Fstop which gave the best correlation between 
the filtered and unfiltered data. The Fpass values were in the range 1000 Hz to 3500 Hz and 
Fstop was calculated from [85]: 
 
2
stoppass
offcut
FF
F


  6-3 
The ideal filter in Figure 6-14 shows that the best filter, that is the one that changes the 
strain data by the least amount compared to the unfiltered data, should be the one where the 
difference between Fpass and Fstop is a minimum. This was the case for all specimens. The 
maximum Fpass of 3500 Hz was chosen as above this pass-band frequency the complexity of 
the filter led to long running times. 
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FIGURE 6-14: FILTER PARAMETERS FOR A LOW-PASS FILTER, sf  IS THE SAMPLE FREQUENCY 
[86] 
A comparison of the filtered and unfiltered data for the displacement and strain data are 
shown in Figure 6-15 and Figure 6-16. It can be seen that the displacement data has been 
filtered to a straight line, while the strain data has been filtered in such a way as to remove the 
high-frequency oscillations common to both the displacement and strain data while 
maintaining its overall shape. A best fit to the unfiltered displacement-time data gives an 
applied velocity of 3.50 m/s which compares to the gradient of the filtered data of 3.35 m/s, 
an error of 4.3 %. 
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FIGURE 6-15: COMPARISON OF FILTERED AND UNFILTERED DISPLACEMENT DATA FOR THE 
TIME CORRESPONDING TO 0 < a  < 36 MM 
 
 
FIGURE 6-16: COMPARISON OF FILTERED AND UNFILTERED STRAIN DATA FOR THE TIME 
CORRESPONDING TO 0 < a  < 36 MM 
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6.3.2 CRACK GROWTH CRITERION 
A reliable and repeatable method of identifying crack growth is needed for accurate 
measurement of cG .  
During QS fracture toughness tests initial crack length, a0, crack length, a, and the 
corresponding load, P, applied displacement, δ, and the specimen dimensions are recorded. 
From this data the resistance-(R-) curve of fracture toughness, Gc, versus crack length, a, can 
be determined. 
To calculate the initiation value of Gc there are three methods which can be used to 
determine the onset of crack growth:- 
1. Initiation by visual observation (VIS). 
2. Initiation found from deviation from linearity (NL) — this is found from the 
deviation from linearity in the load-displacement (P/δ) curve. The result is 
usually the most conservative of the three given here. 
3. Initiation from 5% offset/maximum load (5%/MAX) — this is found from where 
the P/δ curve (once it has become non-linear) intersects with a line offset by 5% 
increase in compliance from the original linear region of the P/δ curve, Figure 
6-17. If the maximum load occurs before this point then the maximum load point 
is used instead.  
 
FIGURE 6-17: DETERMINATION OF INITIATION USING 5% OFFSET METHOD [11] 
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Each of these methods requires an accurate measurement of the load. During the HR 
tests, the load trace was highly non-linear and so it was only possible to use the VIS method, 
applied to the high speed video footage of the specimen captured during the experiment. 
Figure 6-18 shows two consecutive frames of the crack tip in a 4 m/s test taken from the 
high speed video, the time between each frame is 1.75 x 10
-5
 s. It is difficult to determine if 
the crack has grown between the first and second frame or if the noise in the images has only 
made it appear to grow. For this reason, another criterion for finding the crack initiation point 
was developed. These crack initiation criterion were applied to obtain consistent values of cG
. 
 
FIGURE 6-18: CONSECUTIVE FRAMES SHOWING THE DIFFICULTY IN DETERMINING THE ONSET 
OF CRACK GROWTH IN A 4 M/S CT TEST 
Analysing the video frame-by-frame, the frames where crack growth was potentially 
occurring were selected. A graph of strain versus crack length was then plotted for these 
crack lengths only. Comparing this graph to the same plot from an LS-Dyna model, where 
only those times corresponding to crack growth are plotted, it can be seen that this graph 
should take the form of a quadratic curve when a < 40 mm, Figure 6-19. A quadratic least-
squares fit was then drawn for the experimental crack growth data, excluding the first two 
points, where crack growth is not certain, Figure 6-20.  
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FIGURE 6-19: STRAIN VERSUS CRACK LENGTH FROM A HR LS-DYNA MODEL 
Confidence intervals were then calculated to a confidence of 97.5 %. The 97.5 % 
interval indicates that there is a 97.5 % chance that a new observation associated with 
initiation of crack growth will fall within the bounds. Figure 6-20 shows that the first two 
crack length measurements should not be counted as crack growth measurements when 
calculating GIc. 
 
FIGURE 6-20: STRAIN VERSUS CRACK LENGTH FOR 4 M/S CT TEST 
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The confidence intervals also suggest that the points circled in red should not be counted 
as crack growth measurements when calculating GIc. Since these points do not lie within the 
trend suggested by the FE modelling, which shows stable crack growth, the crack may be 
growing in an unstable way. The crack may be arresting and starting to grow at a speed too 
fast to be detected by the high speed camera. These lower strain points coincide with the 
position in Figure 6-21 when the crack is growing at its maximum speed before coming 
almost to rest. This again suggests that the crack may be growing in an unstable way at these 
points and that this data should be discounted in the calculation of GIc. 
 This is supported by the rapid increase in crack speed as the crack reaches this position, 
Figure 6-21. Crack lengths greater than 36 mm are not included in the results as this was the 
crack length in the LS-Dyna models where the stresses around the crack tip were affected by 
the crack reaching the end of the specimen, see Section 4.4.1. 
This method only distinguishes crack measurements where no growth or unstable growth 
is occurring in filtered data. The scatter in unfiltered strain data is large and so the confidence 
limits are wide and would include all the potential crack growth measurements. 
 
FIGURE 6-21: CRACK VELOCITY VERSUS TIME FOR A 4 M/S CT TEST, SHOWING BOTH 
EXPERIMENTAL AND NUMERICAL DATA 
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6.4 CONCLUSION 
This chapter has outlined the experimental method used to measure intra- and 
interlaminar fracture toughness both quasistatically and at high rates. The methods of 
collecting and the processing of the acquired data have been outlined, including details of the 
HSV setup and its use in determining the crack length. 
A method for filtering the measured strain and displacement has been described, and the 
reasons for the choice of filter type and the filter parameters outlined. The filtered data has 
been shown to accurately represent the unfiltered data. Further analysis of the accuracy of the 
filtered data is carried out in Chapters 6 and 7. 
Finally, a methodology for determining which frames are showing crack growth is 
described. The crack growth frames are determined using the trend of the strain versus crack 
length data given by the LS-Dyna models of the CT specimen and all crack length 
measurements which are used in the further analysis lie within the 97.5 % confidence 
intervals. This method is only accurate when analysing the filtered data. 
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7 HIGH RATE COMPACT TENSION EXPERIMENTAL RESULTS 
7.1 INTRODUCTION 
This chapter summarises the results of the experimental work which has been carried 
out. Beginning with the QS tests, the results of the intra- and interlaminar tests are presented. 
The HR intralaminar results are then stated, comparing the unfiltered and the filtered data. 
Graphs of GIc versus test speed and average crack speed are then shown. The intralaminar test 
results section is completed with scanning electron microscope (SEM) images of the fracture 
surface at each test speed. The results of the HR interlaminar tests are then detailed in the 
same manner as the intralaminar results. 
 
7.2 INTRALAMINAR TEST RESULTS 
7.2.1 QS TEST RESULTS 
Eight intralaminar CT specimens were tested quasi-statically at an applied displacement 
rate of 0.5 mm/min. The load displacement curves from these tests are shown in Figure 7-1, 
showing the stick-slip nature of the crack growth. Also shown is the QS LS-Dyna finite 
element model for the same specimen using the material properties shown in Table 5-1 and 
the average GIc calculated during the QS experimental tests using the compliance calibration 
method discussed in Section 2.4 (ii)b). 
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FIGURE 7-1: LOAD VERSUS DISPLACEMENT FOR QS INTRALAMINAR CT TESTS, ALSO SHOWING 
THE NUMERICAL LS-DYNA MODEL FOR THE SAME LAYUP 
Figure 7-2 shows the ratio of load/strain measured at the back of the specimen, P/εB, 
versus crack length for the intralaminar CT tests, including the output calculated from the LS-
Dyna model, note that specimens 1-1 and 1-4 had no strain measured during the tests. For the 
experimental data, the variation in crack length is approximately 1 mm as the crack length is 
only measured on one side of the specimen. It is this ratio, P/εB from the QS experiments 
which is used in the HR data reduction strategy to determine the equivalent load, )(aP
HR
, 
from the experimentally observed strain and crack lengths in the HR experiments, see 
Chapter 4. 
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FIGURE 7-2: LOAD/STRAIN FOR THE QS INTRALAMINAR CT TESTS, ALSO SHOWING THE 
NUMERICAL LS-DYNA MODEL FOR THE SAME LAYUP  
The R-curve for all the QS intralaminar CT specimens is shown in Figure 7-3. The 
average initiation value of GIc, calculated using the values of P and δ at the onset of crack 
growth, was 69.3 kJ/m
2
, with a coefficient of variation (CV) of 9.06 %. The average 
propagation value of GIc, for crack lengths less than 40 mm, was 72.5 kJ/m
2
 with a CV of 
11.53 %. For the QS specimens GIc was calculated using the compliance calibration method 
described in the literature review (Chapter 2). These values compare well with the values of 
59  kJ/m
2
 and 63 kJ/m
2
, for initiation and propagation respectively, measured by Laffan [31] 
for the same layup and using the same data reduction method. It is considerably lower than 
the values of 97.8 kJ/m
2
 and 133 kJ/m
2
 (initiation and propagation respectively) measured by 
Catalanotti [32] using the J-integral method and digital image correlation to determine the 
position of the crack tip. 
Average GIc is calculated by taking the mean of all the values of GIc measured in all the 
QS specimens. Data collected at crack lengths greater than 40 mm was not included in the 
calculation of GIc as it is affected by the proximity of the back edge of the specimen. 
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FIGURE 7-3: R-CURVES FOR QS INTRALAMINAR CT TESTS 
 
7.2.2 HIGH RATE TEST RESULTS 
Figures 7-5 to 7-10 show the key test results for a typical specimen for each test speed 
used in the intralaminar high rate tests. The test speed for each specimen is the best-fit 
gradient of the displacement-time for crack lengths between initiation (a0 = 26 mm) and 
a = 36 mm. These figures include the high speed camera settings, crack length versus time 
plots and the R-curves for the filtered and unfiltered data. Also shown are frames from the 
high-speed video where each crack length was measured – the crack progression goes from 
top left to bottom right, as shown in Figure 7-4. A bar chart for each test speed, showing 
GIc,prop, the propagation value of GIc, for each specimen is included in Appendix B.1. R-
curves for the filtered and unfiltered results at each test speed showing all specimens are 
included in Appendix C.1.  
Table 7-1 summarises the results of the intralaminar CT tests. Average GIc is calculated 
by taking the mean of all the values of GIc measured in all the specimens at a given test 
speed. For some of the nominal test speeds, the CV of measured test speed appears high. 
While the speed measured during each test is constant, this variation occurs because of the 
difficulty of obtaining consistent test speeds from specimen to specimen. 
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FIGURE 7-4: DIRECTION OF CRACK GROWTH IN THE FOLLOWING HSV STILL IMAGES 
 
7. High Rate Compact Tension Experimental Results 
[124] 
  
 
FIGURE 7-5: TEST RESULTS FOR SPECIMEN 1.24, TESTED AT 0.8 M/S; HSV IMAGES, CRACK LENGTH VERSUS TIME AND R-CURVE 
Specimen Number 1.24 
Test speed  0.8 m/s 
Crack speed (average, a < 36 mm) 18.4 m/s 
Frame rate  29197.080 fps 
Resolution 512 x 128 pixels 
Exposure time  25 µs 
Shutter Speed  1/ 40000 sec 
GIc,prop, a < 36 mm, unfiltered 71.2 kJ/m
2
 ± 13.7 % 
GIc,prop, a < 36 mm, filtered 75.7 kJ/m
2
 ± 7.5 % 
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FIGURE 7-6: TEST RESULTS FOR SPECIMEN 2.22, TESTED AT 4.1 M/S; HSV IMAGES, CRACK LENGTH VERSUS TIME AND R-CURVE 
delamination of surface 90° ply
Frame no.: 2030 Frame no.: 2031
Frame no.: 2032 Frame no.: 2033
Frame no.: 2035 Frame no.: 2036
Frame no.: 2037 Frame no.: 2039
Frame no.: 2040
Specimen Number 2.16 
Test speed  3.9 m/s 
Crack speed (average, a < 36 mm) 89.2 m/s 
Frame rate  97560.976 fps 
Resolution 208 x 48 pixels 
Exposure time  5 µs 
Shutter Speed  1/140,000 sec 
GIc,prop, a < 36 mm, unfiltered 77.7 kJ/m
2
 ± 12.9 % 
 GIc,prop, a < 36 mm, filtered 80.3 kJ/m
2
 ± 5.2 % 
7. High Rate Compact Tension Experimental Results 
[126] 
 
FIGURE 7-7: TEST RESULTS FOR SPECIMEN 3.04, TESTED AT 5.6 M/S; HSV IMAGES, CRACK LENGTH VERSUS TIME AND R-CURVE. STEADY CRACK GROWTH 
WAS OBSERVED THROUGHOUT 
Frame no.: 1298
Frame no.: 1300
Frame no.: 1302
Frame no.: 1299
Frame no.: 1301
Frame no.: 1303
direction of crack growth
Specimen Number 3.04 
Test speed  5.6 m/s 
Crack speed (average, a < 36 mm) 198.9 m/s 
Frame rate  97560.976 fps 
Resolution 208 x 48 pixels 
Exposure time  5 µs 
Shutter Speed  1/200,000 sec 
GIc,prop, a < 36 mm, unfiltered 87.6 kJ/m
2
 ± 29.6 % 
 GIc,prop, a < 36 mm, filtered 76.7 kJ/m
2
 ± 4.6 % 
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FIGURE 7-8: TEST RESULTS FOR SPECIMEN 3.07, TESTED AT 8.5 M/S; HSV IMAGES, CRACK LENGTH VERSUS TIME AND R-CURVE 
Specimen Number 3.07 
Test speed  8.5 m/s 
Crack speed (average, a < 36 mm) 215.3 m/s 
Frame rate  97560.976 fps 
Resolution 208 x 48 pixels 
Exposure time  5 µs 
Shutter Speed  1/200,000 sec 
GIc,prop, a < 36 mm, unfiltered 77.2 kJ/m
2
 ± 10.0 % 
 GIc,prop, a < 36 mm, filtered 70.9 kJ/m
2
 ± 5.3 % 
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FIGURE 7-9: TEST RESULTS FOR SPECIMEN 3.15, TESTED AT 10.4 M/S; HSV IMAGES, CRACK LENGTH VERSUS TIME AND R-CURVE. STEADY CRACK GROWTH 
WAS OBSERVED THROUGHOUT 
Frame no.: 1093
Frame no.: 1095
Frame no.: 1097
Frame no.: 1094
Frame no.: 1096
Specimen Number 3.15 
Test speed  10.4 m/s 
Crack speed (average, a < 36 mm) 299.7 m/s 
Frame rate  97560.976 fps 
Resolution 208 x 48 pixels 
Exposure time  5 µs 
Shutter Speed  1/200,000 sec 
GIc,prop, a < 36 mm, unfiltered 54.1 kJ/m
2
 ± 11.4 % 
 GIc,prop, a < 36 mm, filtered 58.4 kJ/m
2
 ± 4.4 % 
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FIGURE 7-10: TEST RESULTS FOR SPECIMEN 2.24, TESTED AT 11.6 M/S; HSV IMAGES, CRACK LENGTH VERSUS TIME AND R-CURVE. STEADY CRACK GROWTH 
WAS OBSERVED THROUGHOUT 
Specimen Number 2.24 
Test speed  11.6 m/s 
Crack speed (average, a < 36 mm) 478.8 m/s 
Frame rate  97560.976 fps 
Resolution 208 x 48 pixels 
Exposure time  5 µs 
Shutter Speed  1/200,000 sec 
GIc,prop, a < 36 mm, unfiltered 85.8 kJ/m
2 
± 7.5 % 
 GIc,prop, a < 36 mm, filtered 82.4 kJ/m
2 
± 9.6 % 
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TABLE 7-1: SUMMARY OF INTRALAMINAR TEST RESULTS1 
Nominal test speed 
[m/s] 
No. 
Specimens 
Measured Test Speed Crack Speed 
GIc,prop, a < 36 mm, 
unfiltered  
GIc,prop, a < 36 mm, 
filtered  
Average [m/s] CV [%] Average [m/s] CV [%] 
Average 
[kJ/m
2
] 
CV [%] 
Average 
[kJ/m
2
] 
CV [%] 
3.3 x 10
-6
 8 - - 0 (stick-slip) - 74.9 9.1 - - 
1 m/s 5 0.93 14.2 24.9 35.6 75.1 15.7 85.0 11.6 
4 m/s 13 4.0 8.9 86.4 12.9 69.0 14.3 65.3 16.8 
6 m/s 5 5.8 10.4 70.5 27.5 69.4 24.4 65.6 18.6 
8 m/s 6 8.1 12.9 155.1 30.1 65.1 10.8 50.2 11.7 
10 m/s 5 10.6 6.5 308.9 34.8 64.8 22.2 61.8 24.2 
> 12 m/s 2 17.0 31.7 392.4 23.8 67.8 1.2 54.6 7.6 
 
                                                 
1
 Test speed is calculated by finding the best fit of the displacement versus time data for the duration of the test (see Chapter 6). 
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7.2.3 EFFECT OF TEST SPEED  
Figure 7-11 shows the effect of test speed on the value of GIc for the unfiltered and 
filtered results – the results are the average at each test speed. Both sets of data suggest a 
possible decrease overall in GIc with test speed but given the scatter in the results it is not 
possible to say that this is certain. The filtered data suggests a more pronounced decrease than 
the unfiltered data. 
The same data is shown, grouped by specimen in Figure 7-12 for the unfiltered results 
and Figure 7-13 for the filtered results. Theses graphs show the large amount of scatter within 
the specimens at each test speed and also highlights the low amount of data (only 2 
specimens) available for the highest test speed, > 12 m/s. The lack of data at the highest test 
speed is due to the inability to reliably repeat tests above around 12 m/s. In attempting to 
carry out tests at 14 m/s it was found that the scatter in the applied velocity became too large 
to produce repeatable test conditions and so further tests at this speed were not carried out. 
 
FIGURE 7-11: EFFECT OF TEST SPEED ON THE MEASURED VALUE OF INTRALAMINAR IcG  WITH 
AND WITHOUT FILTERING. AVERAGE RESULTS FOR EACH TEST SPEED 
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FIGURE 7-12: EFFECT OF TEST SPEED ON THE UNFILTERED VALUE OF INTRALAMINAR IcG  — 
AVERAGE RESULTS FOR EACH SPECIMEN 
 
FIGURE 7-13: EFFECT OF TEST SPEED ON THE FILTERED VALUE OF INTRALAMINAR IcG  — 
AVERAGE RESULTS FOR EACH SPECIMEN 
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7.2.4 EFFECT OF CRACK SPEED 
Figure 7-14 and Figure 7-15 show the effect on instantaneous crack speed during the test 
on the value of GIc measured at each crack length corresponding to crack growth for each 
specimen. All intralaminar specimens are shown on each graph. Cracks which grow from an 
arrest point, i.e. where crack growth progressed in a stick-slip manner, are plotted as having a 
crack speed, a  = 0 m/s (this includes the QS results).  
Both sets of data suggest a possible decrease overall in GIc with average crack speed but 
given the scatter in the results it is not possible to say that this is certain. The filtered data 
suggests a more pronounced decrease than the unfiltered data
 
FIGURE 7-14: UNFILTERED INTRALAMINAR IcG  VERSUS CRACK SPEED 
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FIGURE 7-15: FILTERED INTRALAMINAR IcG  VERSUS CRACK SPEED 
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7.2.5 COMPARISON TO FINITE ELEMENT MODELS 
The strain measured at the back edge of the specimen, εB, versus the crack length is 
shown in Figure 7-16 for the experimental results of tests around 10 m/s and the equivalent 
LS-Dyna model which has used the experimental QS value of toughness of 76.6 kJ/m
2
. Also 
shown are the results from two FE models where the input GIc is ± 20 % of the QS value. The 
strain output from the LS-Dyna model falls within the range of strain values measured in the 
experimental tests, suggesting that the experimental results will not have a GIc which is 
significantly different to the QS value. All of the experimental results fall between the ± 20 % 
bounds suggested by the FE results. 
 
FIGURE 7-16: STRAIN VERSUS CRACK LENGTH FOR THE 10 M/S LS-DYNA MODEL COMPARED TO 
THE FILTERED EXPERIMENTAL RESULTS FOR THOSE INTRALAMINAR SPECIMENS IN THE 10 M/S 
TEST SPEED RANGE 
The crack length versus time data for the same tests are shown in Figure 7-17. As in the 
previous figure, the results from two FE models where the input GIc is ± 20 % of the QS 
value are also shown. In this figure t = 0 sec corresponds to the time at which the crack 
begins to grow in each specimen. Δt on the x-axis therefore corresponds to the change in time 
since crack initiation. It can be seen that the FE model is in the lower range but many of the 
experimental results fall within the ± 20 % GIc of the LS-Dyna models. The results 
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corresponding to the FE model with the toughness reduced by 20 % corresponds best to the 
majority of the experimental data. 
 
FIGURE 7-17: CHANGE IN CRACK LENGTH VERSUS CHANGE IN TIME FOR THE 10 M/S LS-DYNA 
MODEL COMPARED TO THE EXPERIMENTAL RESULTS FOR THOSE INTRALAMINAR SPECIMENS 
IN THE 10 M/S TEST SPEED RANGE 
The FE model accurately captures the peak load measured during the experimental 
intralaminar tests, Figure 7-18. In Figure 7-18 an artificially imposed displacement, δa, is 
applied to both the experimental and LS-Dyna model data where δa = 0 occurs at crack 
initiation, a = a0. However, the experimental data shows a longer applied displacement 
between the start of loading and crack initiation. This may be due to slack between the 
components of the loading equipment which must be removed before loading of the specimen 
begins. 
After crack initiation, δa > 0 mm, the FE model output is significantly different to the 
experimental results. The experimental load is higher over a larger range of displacement. At 
larger displacements, where a > 40 mm, the differences between the experiment and FE 
model are due to the differences between the way the modelled and experimental specimens 
behave as the crack approaches the back edge of the specimen. In the experiment the 
specimen halves separate at final failure. In the FE model the contact algorithm used to model 
the compression behaviour at the back edge of the specimen determines the behaviour of the 
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specimen at long crack lengths, so that the specimen does not separate. In these models a 
surface-to-surface algorithm is used which is believed to be the most like the experimental 
setup. As the contact algorithm only significantly alters the behaviour of the specimen at long 
crack lengths, where GIc is not calculated, it was thought to be unnecessary to implement a 
more complex algorithm. 
The FE model has high frequency oscillations prior to crack initiation which are not 
present in the experimental data as there is no damping added to the FE model. However, the 
results from specimen 3-9 at δa > 0 mm suggest that there are similar oscillations in the 
experimental and FE results (see peaks at δa = 0.2 mm and δa = 0.5 mm). It is not clear what 
causes these oscillations, but given that they occur in both the experimental and the model 
output, it suggests that they are not related to the experimental equipment. 
Overall, there is a large scatter in the load-displacement curves for the experimental 
results, highlighting the need for a data reduction scheme which does not require the use of 
the applied load. 
 
FIGURE 7-18: APPLIED LOAD VERSUS DISPLACEMENT FOR THE 10 M/S LS-DYNA MODEL 
COMPARED TO THE EXPERIMENTAL RESULTS FOR THOSE INTRALAMINAR SPECIMENS IN THE 
10 M/S TEST SPEED RANGE 
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7.2.6 FRACTOGRAPHY 
Figure 7-19 to Figure 7-23 show SEM images of the fracture surface at each of the test 
speeds shown in detail above and in Table 7-1. Further images of these specimens can be 
found in Appendix D. Each figure shows:  
(i) An image of the crack tip, where crack was initiated using a pre-crack sharpened 
by a razor blade, as described in Chapter 5. The magnification of this image is 
x 26. This is the left-hand image. 
(ii) A portion of the crack growth region approximately 5 mm from the crack tip. 
The magnification of this image is x 32. This is the right-hand image. 
 
 FIGURE 7-19: IMAGES OF THE QS FRACTURE SURFACE. THE CRACK TIP IS SHOWN IN THE LEFT 
IMAGE 
FIGURE 7-20: IMAGES OF THE 1 M/S FRACTURE SURFACE. THE CRACK TIP IS SHOWN IN THE 
LEFT IMAGE 
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FIGURE 7-21: IMAGES OF THE 4 M/S FRACTURE SURFACE. THE CRACK TIP IS SHOWN IN THE 
LEFT IMAGE 
 
FIGURE 7-22: IMAGES OF THE 6 M/S FRACTURE SURFACE. THE CRACK TIP IS SHOWN IN THE 
LEFT IMAGE 
 
FIGURE 7-23: IMAGES OF THE 8 M/S FRACTURE SURFACE. THE CRACK TIP IS SHOWN IN THE 
LEFT IMAGE 
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FIGURE 7-24: IMAGES OF THE 10 M/S FRACTURE SURFACE. THE CRACK TIP IS SHOWN IN THE 
LEFT IMAGE 
 
FIGURE 7-25: IMAGES OF THE 13 M/S FRACTURE SURFACE. THE CRACK TIP IS SHOWN IN THE 
LEFT IMAGE 
Each specimen tested was also studied to check for signs of failure at locations other 
than the crack tip, such as those discussed in Chapter 4 but no other damage was visible. 
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7.3 INTERLAMINAR RESULTS 
7.3.1 QS TEST RESULTS 
Five interlaminar CT specimens were tested quasi-statically at an applied displacement 
rate of 0.1 mm/min. The load displacement curves from these tests are shown in Figure 7-26. 
Also shown is the QS LS-Dyna finite element model for the same specimen, an input value of 
GIc = 302.0 J/m
2
 and GIIc = 609.2 J/m
2
 were used for the cohesive elements [66]. Specimen 4-
42 fails at a lower maximum load as the specimen cracked prior to testing to an initial crack 
length of 36 mm. Specimen 4-45 also appears capped below 1 kN suggesting some damage to 
the specimen around the crack tip but this was not visible on the failed specimen. Since the 
readings during crack growth appear to be unaffected the results from this specimen were not 
removed from the sample. 
It should be noted that the load-displacement data for specimens 4-43 to 4-45 are 
capped. The consequence of this is that the critical load relating to the initiation value of GIc 
is not captured. As the crack jumped from the initiation value of crack length by up to 
10 mm, only one measurement of load was not recorded. As there is no significant increase in 
GIc with crack length, it was decided that it was not necessary to repeat the tests. 
 
FIGURE 7-26: LOAD VERSUS DISPLACEMENT FOR QS INTERLAMINAR CT TESTS, ALSO SHOWING 
THE NUMERICAL LS-DYNA MODEL FOR THE SAME LAYUP 
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Figure 7-27 shows the ratio of load/strain measured at the back of the specimen, P/εB, 
versus crack length for the interlaminar CT tests, including the output calculated from the LS-
Dyna model. For the experimental data, the variation in crack length is approximately 1 mm 
as the crack length is only measured on one side of the specimen. 
 
FIGURE 7-27: LOAD/STRAIN FOR THE QS INTERLAMINAR CT TESTS, ALSO SHOWING THE 
NUMERICAL LS-DYNA MODEL FOR THE SAME LAYUP 
The R-curve for all the interlaminar CT specimens is shown in Figure 7-28. The average 
propagation value of GIc, for crack lengths less than 40 mm, was 306.5 J/m
2
 with a CV of 
4.80 %. This result is similar to those found by Psarras [66] who measured 
GIc = 302 ± 13.6 J/m
2
 using the standard DCB method and modified beam theory [10]. The 
results are also close to the 311 J/m
2
 measured by Gutkin [76] using a CT specimen with a 
layup of [0]20 for the same material. 
. 
0
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FIGURE 7-28: R-CURVES FOR QS INTERLAMINAR CT TESTS 
 
7.3.2 HR TEST RESULTS 
Figure 7-29 to Figure 7-34 show the key test results for one specimen for each test speed 
used in the interlaminar high rate tests. These figures show the high speed camera setup, 
crack length versus time and the R-curves for the filtered and unfiltered data. Also shown are 
frames from the high-speed video where each crack length was measured. A bar chart for 
each test speed, showing GIc,prop for each specimen is included in Appendix B.2. R-curves for 
the filtered and unfiltered results at each test speed are included in Appendix C.2.  
Table 7-2 summarises the results of the intralaminar CT tests. Average GIc is calculated 
by taking the mean of all the values of GIc measured in all the specimens at a given test 
speed. 
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FIGURE 7-29: TEST RESULTS FOR SPECIMEN 4.24, TESTED AT 0.29 M/S; HSV IMAGES, CRACK LENGTH VERSUS TIME AND R-CURVE 
Specimen Number 4.24 
Test speed  0.29 m/s 
Crack speed (average, a < 36 mm) 28.3 m/s 
Frame rate  48192.771 fps 
Resolution 384 x 88 pixels 
Exposure time  10 µs 
Shutter Speed  1/100000 sec 
GIc,prop, a < 36 mm, unfiltered 362.5 J/m
2
 ± 7.7 % 
 GIc,prop, a < 36 mm, filtered 371.1 J/m
2
 ± 1.6 % 
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Frame no.: 5394
Frame no.: 5385
Frame no.: 5383
Frame no.: 5388
Frame no.: 5392
Frame no.: 5393
Frame no.: 5389
Frame no.: 5387
Frame no.: 5384
Frame no.: 5382
crack tip
 
 
FIGURE 7-30: TEST RESULTS FOR SPECIMEN 4.02, TESTED AT 0.56 M/S; HSV IMAGES, CRACK LENGTH VERSUS TIME AND R-CURVE 
Specimen Number 4.02 
Test speed  0.56 m/s 
Crack speed (average, a < 36 mm) 36.8 m/s 
Frame rate  62500.0 fps 
Resolution 320 x 72 pixels 
Exposure time  10 µs 
Shutter Speed  1/100000 sec 
GIc,prop, a < 36 mm, unfiltered 294.3 J/m
2
 ± 20.5 % 
 GIc,prop, a < 36 mm, filtered 320.4 J/m
2
 ± 0.1 % 
7. High Rate Compact Tension Experimental Results 
[146] 
 
 
FIGURE 7-31: TEST RESULTS FOR SPECIMEN 4.16, TESTED AT 0.91 M/S; HSV IMAGES, CRACK LENGTH VERSUS TIME AND R-CURVE 
Specimen Number 4.16 
Test speed  0.91 m/s 
Crack speed (average, a < 36 mm) 199.6 m/s 
Frame rate  93023.256 fps 
Resolution 240 x 48 pixels 
Exposure time  5 µs 
Shutter Speed  1/200000 sec 
GIc,prop, a < 36 mm, unfiltered 307.4 J/m
2
 ± 14.1 % 
 GIc,prop, a < 36 mm, filtered 302.6 J/m
2
 ± 2.2 % 
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FIGURE 7-32: TEST RESULTS FOR SPECIMEN 4.32, TESTED AT 1.19 M/S; HSV IM2AGES, CRACK LENGTH VERSUS TIME AND R-CURVE 
Specimen Number 4.32 
Test speed  1.19 m/s 
Crack speed (average, a < 36 mm) 99.8 m/s 
Frame rate  81632.653 fps 
Resolution 256 x 56 pixels 
Exposure time  8 µs 
Shutter Speed  1/140000 sec 
GIc,prop, a < 36 mm, unfiltered 321.4 J/m
2
 ± 11.3 % 
 GIc,prop, a < 36 mm, filtered 326.5 J/m
2
 ± 0.8 % 
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FIGURE 7-33: TEST RESULTS FOR SPECIMEN 4.30, TESTED AT 2.21 M/S; HSV IMAGES, CRACK LENGTH VERSUS TIME AND R-CURVE 
Specimen Number 4.30 
Test speed  2.21 m/s 
Crack speed (average, a < 36 mm) 56.7 m/s 
Frame rate  81632.653 fps 
Resolution 256 x 56 pixels 
Exposure time  7 µs 
Shutter Speed  1/200000 sec 
GIc,prop, a < 36 mm, unfiltered 326.0 J/m
2
 ± 16.3 % 
 GIc,prop, a < 36 mm, filtered 362.6 J/m
2
 ± 0.4 % 
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 FIGURE 7-34: TEST RESULTS FOR SPECIMEN 4.18, TESTED AT 7.18 M/S; HSV IMAGES, CRACK LENGTH VERSUS TIME AND R-CURVE. STEADY CRACK GROWTH 
WAS OBSERVED THROUGHOUT 
Specimen Number 4.18 
Test speed  7.18 m/s 
Crack speed (average, a < 36 mm) 41.1 m/s 
Frame rate  93023.256 fps 
Resolution 240 x 48 pixels 
Exposure time  5 µs 
Shutter Speed  1/200000 sec 
GIc,prop, a < 36 mm, unfiltered 377.9 J/m
2
 ± 17.1 % 
 GIc,prop, a < 36 mm, filtered 381.2 J/m
2
 ± 9.0 % 
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TABLE 7-2: SUMMARY OF INTERLAMINAR TEST RESULTS2 
Nominal Test 
Speed [m/s] 
No. 
Specimens 
Measured Test Speed Crack Speed 
GIc,prop, a < 36 mm, 
unfiltered  
GIc,prop, a < 36 mm, 
filtered [J/m
2
] 
Average [m/s] CV [%] Average [m/s] CV [%] Average [J/m
2
] CV [%] Average [J/m
2
] CV [%] 
3.3 x 10
-6
 5 - - 0 - 306.2 14.5 - - 
0.25 m/s 7 0.25 34.4 36.1 53.4 307.2 31.8 321.1 24.9 
0.6 m/s 3 0.58 10.0 39.0 10.0 317.1 6.5 417.1 12.9 
0.9 m/s 8 0.86 3.5 77.8 79.0 290.8 12.6 315.9 17.4 
1.2 m/s 6 1.17 13.2 94.5 71.5 288.1 26.2 317.5 27.7 
2.1 m/s 7 2.11 7.9 128.3 37.8 331.8 27.5 360.0 23.4 
> 2.5 m/s 2 5.20 53.9 330.7 34.2 458.7 24.9 474.1 27.7 
 
                                                 
2
 Test speed is calculated by taking the best fit of the displacement versus time data for the duration of the test (see Chapter 6). 
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7.3.3 EFFECT OF TEST SPEED  
Figure 7-35 shows the effect of test speed on the value of GIc for the unfiltered and 
filtered interlaminar tests. It is difficult to detect an overall trend of GIc with average test 
speed either in the filtered or unfiltered data. Between the QS tests and those at 2.0 m/s it is 
likely that there is little change in GIc with test speed. Above 2.0 m/s GIc may increase with 
test speed but given the scatter in the test results it is not possible to say with certainty that 
this is the case. 
The same data is shown, for each specimen in Figure 7-36 and Figure 7-37. This graph 
shows the large amount of scatter within the specimens at each test speed and also highlights 
the low amount of data (only 2 specimens) available for the highest test speed, > 2.5 m/s. As 
with the intralaminar tests it was found to be difficult to repeatedly test at the highest test 
speed. 
 
FIGURE 7-35: EFFECT OF TEST SPEED ON THE MEASURED VALUE OF INTERLAMINAR IcG  WITH 
AND WITHOUT FILTERING. AVERAGE RESULTS FOR EACH TEST SPEED 
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FIGURE 7-36: EFFECT OF TEST SPEED ON THE UNFILTERED VALUE OF INTERLAMINAR IcG  — 
AVERAGE RESULTS FOR EACH SPECIMEN 
 
 
FIGURE 7-37: EFFECT OF TEST SPEED ON THE FILTERED VALUE OF INTERLAMINAR IcG  — 
AVERAGE RESULTS FOR EACH SPECIMEN 
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7.3.4 EFFECT OF CRACK SPEED 
Figure 7-38 and Figure 7-39 show the effect of crack speed during the test on the value 
of GIc for each specimen, for both the unfiltered and filtered results. Both sets of data suggest 
a possible increase overall in GIc with average crack speed but given the scatter in the results 
it is not possible to say that this is certain. The filtered data suggests a more pronounced 
increase than the unfiltered data. 
 
FIGURE 7-38: UNFILTERED INTERLAMINAR IcG  VERSUS CRACK SPEED 
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FIGURE 7-39: FILTERED INTERLAMINAR IcG  VERSUS CRACK SPEED 
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7.4 COMPARISON WITH FINITE ELEMENT MODELS 
Figure 7-40 shows the strain measured at the back of the specimen versus crack length 
for the 2 m/s interlaminar CT tests. The output from the equivalent LS-Dyna model is also 
shown which has used the experimental QS value of toughness of 302.0 J/m
2
 [66]. It can be 
seen that for most crack lengths the FE model lies between the minimum and maximum of 
the experimental results. At longer crack lengths (a > 36 mm), the model appears to slightly 
over-estimate the strain at a given crack length. Also shown are the results from two FE 
models where the input GIc is ± 20 % of the QS value. The strain output from the LS-Dyna 
model falls within the range of strain values measured in the experimental tests. All but one 
of the experimental results, that from specimen 4-31, fall between the ± 20 % bounds 
suggested by the FE results, suggesting that the experimental results will not have a GIc 
which is significantly different to the QS value. 
 
 
FIGURE 7-40: STRAIN VERSUS CRACK LENGTH FOR THE 2 M/S LS-DYNA MODEL COMPARED TO 
THE FILTERED EXPERIMENTAL RESULTS FOR THOSE INTERLAMINAR SPECIMENS IN THE 2 M/S 
TEST SPEED RANGE 
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Crack length versus time for the 2 m/s interlaminar tests are shown in Figure 7-41 along 
with the equivalent FE model. The FE model accurately captures the crack growth behaviour 
for most of the specimens. As in the previous figure, the results from two FE models where 
the input GIc is ± 20 % of the QS value are shown, with the majority of the experimental data 
falling within the bounds set by these two models. 
The crack growth versus time data for specimen 4-30 is significantly different to the data 
for the other specimens at this test speed and hence differs from the FE model output. The 
reason for this difference is unclear.  
At times, t < 0.05 ms the FE model may under-predict the crack velocity and crack 
length. This is most likely due to the unstable nature of the crack growth from initiation in the 
experiments, behaviour which the FE model is not designed to capture.  
 
FIGURE 7-41: CHANGE IN CRACK LENGTH VERSUS CHANGE IN TIME FOR THE 2 M/S LS-DYNA 
MODEL COMPARED TO THE EXPERIMENTAL RESULTS FOR THOSE INTERLAMINAR SPECIMENS 
IN THE 2 M/S TEST SPEED RANGE 
The FE model accurately captures the peak load measured during the experimental 
interlaminar tests, Figure 7-42. In Figure 7-42, as in Figure 7-17 for the intralaminar results, 
an artificially imposed displacement, δa, is applied to the data where δa = 0 occurs at crack 
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initiation, a = a0.The behaviour of the specimen prior to crack initiation, δa < 0 mm, also 
appears to be captured reasonably well. Similar to the intralaminar results, the experimental 
data shows a slightly longer applied displacement between the start of loading and crack 
initiation. After crack initiation, δa > 0 mm, the FE model output is significantly different to 
the experimental results. The FE model has high frequency oscillations which are not present 
in the experimental data, as there is no damping added to the FE model. The experimental 
data also has relatively low frequency oscillations which are not present in the FE model. 
These oscillations are also present in the intralaminar load trace after final failure of the 
specimen and in load measurements made during testing of DCB specimens at a similar 
speed on the same equipment [58], hence they are most likely due to the natural frequencies 
of the loading equipment which is not included in the FE model.  
 
FIGURE 7-42: APPLIED LOAD VERSUS DISPLACEMENT FOR THE 2 M/S LS-DYNA MODEL 
COMPARED TO THE EXPERIMENTAL RESULTS FOR THOSE INTERLAMINAR SPECIMENS IN THE 
2 M/S TEST SPEED RANGE 
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7.4.1 FRACTOGRAPHY 
Figure 7-43 to Figure 7-49 show SEM images of the fracture surface at each of the test 
speeds shown in detail above and in Table 7-1. Each figure shows the crack initiation region, 
including the initial delamination region. The magnification of all images is 
approximately x 30. 
 
FIGURE 7-43: IMAGES OF THE QS FRACTURE SURFACE 
 
FIGURE 7-44: IMAGES OF THE 0.25 M/S FRACTURE SURFACE 
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FIGURE 7-45: IMAGES OF THE 0.6 M/S FRACTURE SURFACE 
 
FIGURE 7-46: IMAGES OF THE 0.9 M/S FRACTURE SURFACE 
 
FIGURE 7-47: IMAGES OF THE 1.2 M/S FRACTURE SURFACE 
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FIGURE 7-48: IMAGES OF THE 2.1 M/S FRACTURE SURFACE 
 
FIGURE 7-49: IMAGES OF THE > 2.5 M/S FRACTURE SURFACE 
 
7.5 ACCURACY OF RESULTS 
The following section asses the accuracy of the HR results, focusing on the intralaminar 
specimens. The effect of error in the measurement crack length and HSV frame during the 
HR test and compliance and k(a) in the QS test, on the measured value of GIc in the HR test. 
(i) Crack length measurements 
As discussed in Chapter 6, the crack length was measured by finding the white and black 
pixels in the HSV image and taking the midpoint as the position of the crack tip. The distance 
between the white and black pixel is between 1 and 4 mm, with a typical value of around 
2.5 mm. Figure 7-50 shows the crack length versus time, including the minimum and 
maximum values measured at each crack length. 
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FIGURE 7-50: AVERAGE, MINIMUM AND MAXIMUM CRACK LENGTH VERSUS TIME FOR 
SPECIMEN 1-24, AN INTRALAMINAR SPECIMEN TESTED AT 0.79 M/S 
The initial crack length does not vary as the broken specimen was used to find its exact 
position relative to the first tick mark on the crack length scale on each specimen. The green 
line in the figure is the minimum crack length measured, or the initiation crack length 
measured on the specimen — whichever is lower. It should also be noted that at crack lengths 
approaching 40 mm the minimum crack length may be less than 40 mm while the maximum 
may be greater than 40 mm. Therefore, the calculation of GIc for a < 40 mm may include 
more minimum crack lengths than maximum crack lengths. This may account for small 
changes in the GIc calculated using the minimum, average and maximum crack lengths 
measured. 
Table 7-3 shows a comparison of the GIc calculated for the same specimen using the 
minimum, average and maximum crack lengths. It can be seen that the percentage difference 
due to the range of crack length is small compared to the CV of the average GIc results. 
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TABLE 7-3: RESULTS FOR GIC CALCULATED USING AVERAGE, MIN. AND MAX CRACK LENGTHS 
 
Number of crack 
length measurements 
Average GIc 
[kJ/m
2
] 
CV [%] 
GIc % difference 
to average 
Minimum crack lengths 6 75.4 17.4 + 5.9 
Average crack lengths 6 71.2 13.7 - 
Maximum crack lengths 5 69.4 10.1 - 2.5 
 
(ii) HSV frame 
During the HR tests, crack length can only be measured at those data points where a high 
speed image is taken. Therefore the image of the crack may not show the crack initiation 
points. At each measurement of crack length the corresponding strain may occur up to almost 
1 frame before that when the crack length is measured.  
Table 7-4 shows a comparison of the GIc calculated for the same specimen using the 
original strain and the strain at -1 frame. It can be seen that the percentage difference due to 
the change in frame is small compared to the CV of the average GIc results. 
TABLE 7-4: RESULTS FOR GIC CALCULATED USING THE ORIGINAL UNFILTERED STRAIN AND 
THE FILTERED STRAIN AT ±1 FRAME 
 
Number of crack 
length measurements 
Average GIc 
[kJ/m
2
] 
CV [%] 
GIc % difference 
to average 
Strain at – 1 frame 6 72.1 7.3 + 1.2 
Original strain 6 71.2 13.7 - 
 
(iii) Compliance measurements 
Compliance, C, is measured in the QS tests to find the relationship between compliance 
and crack length. This relationship is then used in the HR data reduction scheme: 
 
da
dC
t
P
G
HR
HR
2
2
  
7-1 
where t is the thickness of the specimen, a is the crack length and HRP  is the equivalent 
load in the HR test given by: 
 )()()(
,
aakaP
HRBHR
  7-2 
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where k(a) is the ratio of load, P, to strain, ε, in the QS test and εB,HR is the strain measured at 
crack length, a, at the back of the specimen in the HR test. 
Compliance is given by C = δ/P. The displacement, δ, is measured in QS test using an 
extensometer with an accuracy of ± 0.2 %. Load, P, is measured using a static load cell with 
an accuracy of ± 0.5 %. The overall accuracy of the compliance measurement is therefore 
± 0.7 %. So if CC 07.1  then: 
 
da
dC
da
dC
dC
dC
da
dC
07.1

 
7-3 
This shows that the accuracy of GIc due to possible error in the measurement of the QS 
compliance is ± 0.7% which is very low compared to the scatter in the HR data.  
(iv) Measurement of k(a) 
k(a) is the ratio of load, P, to strain, ε, in the QS test. As before, load, P, is measured 
using a static load cell with an accuracy of ± 0.5 %. Strain is measured using a strain gauge 
which typically has an accuracy of ± 0.1 % [87]. The accuracy of the k(a) value is therefore 
± 0.6 %. Since  akG Ic
2
 , a ± 0.6 % error in the measurement of k(a) results in an error of 
± 1.2 % in GIc. So the accuracy of GIc due to possible error in the measurement of k(a) is very 
low compared to the scatter in the HR data. 
 
7.6 CONCLUSION 
The intralaminar specimens showed a possible decrease in GIc with test speed but given 
the scatter in the results it is not possible to say that this is certain. The apparent decrease in 
GIc with average crack speed was also well within the range of the scatter of the results of the 
intralaminar results. In both cases, the filtered data suggests a more pronounced decrease than 
the unfiltered data. 
The interlaminar test results suggest a possible decrease overall in GIc with test speed 
between the QS test speed and 2.5 m/s but again, this was within the range of the scatter of 
the results. Above 2.5 m/s GIc appears to increase with test speed but very few specimens 
were tested at this test speed and so the results are inconclusive. The apparent increase in GIc 
with crack speed was also within the range of the scatter in the results. In both cases the 
filtered data suggested a less pronounced trend than the unfiltered data. 
8. Discussion of Experimental Results 
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8 DISCUSSION OF EXPERIMENTAL RESULTS 
8.1 INTRODUCTION 
This chapter discusses the experimental results given in the previous chapter. The first 
stage is to assess the performance of the data filter used to improve the accuracy of the 
results. The performance of the filter is assessed in terms of its ability to reduce the 
coefficient of variation (CV) of the calculated GIc without significantly affecting the mean 
value. After this, the type of crack growth, i.e. stable or stick-slip, is discussed along with the 
implications that this has for the measured GIc result. 
The key features of the fracture surfaces are discussed as well as the fracture 
mechanisms which the fractography images imply. Finally, the relationship between the 
measured GIc and the test or crack speed is discussed for both the intra- and inter-laminar 
tests. 
 
8.2 FILTER ANALYSIS 
It has been mentioned previously (Chapter 6) that a filter can be said to work well when 
the mean of the filtered and unfiltered GIc is the same but the standard deviation is reduced.  
On a specimen by specimen basis, the filtered intralaminar mean GIc falls within the 
standard deviation of the unfiltered GIc in 31 out of the 36 specimens tested – the mean 
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standard deviation of the unfiltered data is 9.71 kJ/m
2
 (CV = 13.7 %), Appendix B.1. Two of 
the remaining four specimens tested had only one data point and so no standard deviation was 
calculated. The filtered interlaminar GIc falls within the standard deviation of the unfiltered 
GIc in 25 out of the 32 specimens tested (two of the remaining four specimens tested had only 
one data point and so no standard deviation was calculated). These results suggest that the 
filtered results are an accurate representation of the data. 
Comparing the CV of the filtered and unfiltered data, it can be seen that in both the intra- 
and interlaminar tests, the filtered data successfully reduces the CV of GIc for each specimen 
to around 5 % in both the intra- and interlaminar tests. One point to note is that the CV for 
each interlaminar specimen was highly variable. In the move from intralaminar tests to 
interlaminar tests the duration of the test decreases so much, that the highest frequency 
oscillations recorded in the intralaminar tests were not captured in the interlaminar tests, 
Figure 8-1. In many specimens, this greatly reduced the CV of the data as the peaks and 
troughs of the strain data were not captured. To overcome this, a higher frame rate is needed 
to capture the peaks and troughs in the strain data in the interlaminar tests but this was not 
possible with the high-rate camera used in these tests. 
 
FIGURE 8-1: COMPARISON OF THE STRAIN VS TIME DATA AT 0.8 M/S FOR AN INTRALAMINAR 
SPECIMEN (LEFT) AND 15 M/S FOR AN INTERLAMINAR SPECIMEN (RIGHT). THE RED LINE 
SHOWS ALL THE DATA RECORDED, THE BLUE ‗X‘ SHOWS EACH POINT WHERE CRACK LENGTH 
IS MEASURED. 
When the data is grouped by test speed, as in Figure 7-11 for the intralaminar tests the 
mean, unfiltered GIc at each test speed appears to fall within the scatter of the filtered result. 
The exception to this is the results from the highest test speed, which are the test speeds 
including tests > 12 m/s. As mentioned previously, these test results rely on only 2 tests at 
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very different test speeds compared to a minimum of 5 at all other test speeds. Therefore 
assessing these results using mean and standard deviation of the test velocity is not 
representative of the trend in the result. At 1 m/s the filtered GIc is at the boundary of the 
upper end of the standard deviation of the unfiltered GIc. 
For the interlaminar tests, Figure 7-35, however, the filtered GIc at each test speed is 
often outside the range of the standard deviation of the unfiltered data. This suggests that the 
filtered data is not accurately representing the specimen behaviour. This will be discussed in 
more detail later. 
The CV of GIc for each test speed is not reduced by filtering and at several interlaminar 
test speeds the CV increases significantly. This happens because the filtering of the data for 
each specimen tends to separate out the strain versus crack length data for each specimen, 
Figure 8-2. This has the effect of increasing the standard deviation of the set of data. 
 
FIGURE 8-2: UNFILTERED (LEFT) AND FILTERED (RIGHT) STRAIN VERSUS TIME DATA FOR THE 
1 M/S INTRALAMINAR CT TEST 
The oscillations in the strain versus time data were among those which were identified in 
Section 6.3 as part of the dynamic effect of the loading and the filter was designed to remove 
them. However, since removing them causes a much larger scatter in GIc at several test 
speeds, doubt is again cast on the validity of the filtering process for the interlaminar 
specimens. This may be due to the fact that the crack is progressing via the stick-slip 
mechanism. The basis for this statement is discussed in the next section. 
8. Discussion of Experimental Results 
[167] 
8.3 CRACK GROWTH TYPES 
It is not obvious from the load or strain versus time data when crack growth has occurred 
in a stable way and when stick-slip growth has occurred. The method of determining which 
of the high-speed video frames were during crack growth was described in section 6.3.2.  
At test speeds below 2 m/s for the intralaminar tests this method identified several 
frames where crack growth was not occurring and by studying the frame numbers, e.g. Figure 
7-5, it can be seen that the crack was growing via a stick-slip manner. 
At higher test speeds in the intralaminar tests and in the interlaminar tests the method 
proved very effective for determining the onset of crack growth but no frames were identified 
as showing a stationary crack after crack initiation. This implies one of two things. The first 
is that above 2 m/s the nature of failure for the intralaminar tests changes from stick-slip to 
stable crack growth. The second is that the frame rate of the camera was not high enough to 
capture the stick-slip behaviour. Given that the slope of the crack length versus time curves 
for the intralaminar tests are largely linear below a = 36 mm the evidence suggests that, 
particularly at mid-range speeds, the first of these two possibilities is the case. As the test 
speed increases toward the highest speed, the amount of data for each specimen decreases 
and so the ability to make this conclusion decreases. 
The interlaminar tests appear to show continuous crack growth. However, in each 
specimen there is a region where the crack growth slows. This is particularly obvious at 
longer crack lengths (a > 36 mm) at test speeds between 1 m/s and 2 m/s. This may be the 
effect of the crack approaching the back edge of the specimen, it may be the effect of stress 
waves reflected from the back edge of the specimen, or it may indicate the crack is not 
growing in a stable manner but via stick-slip crack growth. 
Taking the first of these, if the crack slows as it approaches the edge of the specimen this 
would be seen in all specimens including the QS tests. From Figure 8-3 it can be seen that, 
ignoring the initial crack jump, the gradient of the crack length versus time curve does not 
decrease between a = 36 mm and a = 40 for the QS tests, indicating that the crack is not 
slowing (the crack speed actually is increasing according to the graph). Therefore, this can be 
ruled out as a cause of the behaviour in the HR interlaminar tests. 
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FIGURE 8-3: CRACK LENGTH VERSUS TIME FOR A TYPICAL QS INTERLAMINAR TEST 
Considering the possibility that it may be the effect of stress waves reflected from the 
back edge of the specimen. This behaviour would be expected to be evident in the 
intralaminar tests also but the crack length versus time traces for the intralaminar tests, Figure 
7-5 to Figure 7-10, do not show this. 
This leaves the option that this shape of crack length versus time curve is indicating the 
manner in which the specimen is failing. At crack initiation in the QS tests the crack jumped 
suddenly from a = a0 to around a = 36 mm. The crack then slowed and grew in a more stable 
manner. The shape of the crack length versus time data in the HR interlaminar tests suggests 
that this same behaviour may be occurring. The fracture surfaces of both the QS and HR 
specimens show no evidence of crack jumping or stick-slip crack growth behaviour 
Figure 8-4 shows the crack growth region for a typical strain versus time trace for an 
interlaminar test. This graph is characterised by two large drops in the magnitude of the strain 
which correspond to the parts of the crack length versus time curve with the highest gradient 
and therefore the highest crack velocity. 
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FIGURE 8-4: COMPARISON OF STRAIN AND CRACK LENGTH VERSUS TIME FOR INTERLAMINAR 
TESTS  
The filtering process cannot differentiate between these drops in strain and those 
oscillations which were identified as those due to the machine loading (Section 6.3.1). For 
this reason, the unfiltered interlaminar results represent more accurately the behaviour of the 
specimen than the filtered data. 
The crack growth speed, a , is not constant during the test and so it may appear that 
using an average crack speed when analysing the data may be unsuitable. However, since the 
data is restricted to those crack lengths below a = 36 mm (see section 4.4.1), where the crack 
speed is almost constant (Figure 8-3), the average crack speed is an appropriate measure to 
use. Crack growth during this time is occurring during the rapid unloading stage of the stick-
slip growth that appears to be occurring – indicated by a large drop in strain coinciding with a 
rapid increase in crack speed. In this way, this interlaminar CT test is similar to the DCB test 
used by Guo and Sun [42]. Their DCB specimen used an adhesive strip to initiate unstable 
and therefore rapid crack growth. The interlaminar CT test, as it has no pre-crack, may fail in 
an unstable manner due to the presence of a small region of epoxy at the delamination film 
edge. 
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8.3.1 INTERLAMINAR TESTS STICK-SLIP ANALYSIS 
Ravi-Chandra and Balzano [88] analysed crack growth mechanisms in epoxy CT 
specimens at various test rates and temperatures. They noted that after initiation in stick-slip 
crack growth, the specimen rapidly unloads and the crack arrests. As the cross-head continues 
to move at a constant rate, the crack is reloaded and unstable, rapid crack growth begins once 
again.  
In the interlaminar results quoted up to this point, the strain measured during the rapid 
unloading portion of the crack growth was used to find GIc. During this time, the stress state 
within the specimen is likely to be changing rapidly as stress waves cross the specimen. 
Therefore the stress around the crack tip is unlikely to be accurately represented by the strain 
at the back of the specimen. 
 The data reduction scheme described in this work is only accurate if the strain measured 
at the back of the specimen during a high rate test is the same as for the same crack length 
during a QS test, if the value of GIc is not dependant on test speed. Using FE analysis this was 
proven to be the case for stable crack growth. During the rapid unloading portion of stick-slip 
crack growth in the HR tests, the data reduction scheme may therefore not be accurate – the 
strain measured at the back edge of the specimen may not be an accurate representation of 
what is happening at the crack tip.  
At the initiation points in the stick-slip fracture process, however, the stress state within 
the specimen is more likely to be the similar as that for stable crack growth for the same 
crack length. Although it is not possible to be certain that the stress at the initiation points is 
similar to that during stable growth, the specimen at this time is likely to be less affected by 
the dynamic stress waves which originate at sharp changes in loading or in sudden changes in 
crack length, than when the crack is ―jumping‖ after each initiation point. Also, in taking the 
average GIc of each specimen, the effect of stress waves on the measured value of GIc (which 
will increase and decrease the instantaneous GIc at the crack tip as they pass the crack tip 
region) is minimised. 
The results can therefore be analysed again, selecting results from only those crack 
growth measurements which are the initiation points. 
Figure 8-5 shows the effect of test speed on the measured value of GIc calculated using 
only the initiation points from the unfiltered data. The results from the highest test speed are 
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omitted due to the relatively small amount of data available at that test speed. The original 
filtered and unfiltered results from Figure 7-35 have been repeated for comparison. 
Unsurprisingly, the results of the stick-slip analysis give higher GIc values for each test speed 
as these results use only the peaks of the strain curve to calculate GIc. 
Over the full range of test speeds from QS to 2.1 m/s (nominal) the stick-slip analysis 
suggests that the mean GIc may increase with test speed with a much smaller scatter than both 
the filtered and unfiltered data. However the scatter in all the results remains too large, 
however, to conclude that there is any change in GIc with test speed. 
 
FIGURE 8-5: EFFECT OF TEST SPEED ON THE MEASURED VALUE OF INTERLAMINAR IcG  USING 
ONLY THE INITIATION POINTS FROM THE STICK-SLIP ANALYSIS. FOR COMPARISON THE 
ORIGINAL RESULTS WITH AND WITHOUT FILTERING 
The trend of GIc calculated using the stick-slip analysis with the average crack speed 
measured during the test is shown in Figure 8-6. The graph shows the same increasing trend 
as the original filtered and unfiltered results, Figure 7-38 and Figure 7-39. The stick-slip data 
suggests that GIc may increase with test speed by a greater amount than the original data and 
the correlation of the data to the linear trend which has been imposed is also larger. However, 
the correlation remains weak and it is not possible to be certain that GIc increases with 
average crack speed. 
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FIGURE 8-6: EFFECT OF AVERAGE CRACK SPEED ON THE MEASURED VALUE OF INTERLAMINAR 
Ic
G  USING ONLY THE INITIATION POINTS FROM THE STICK-SLIP ANALYSIS 
8.4 FRACTOGRAPHY 
At the ply level, intralaminar fracture in the CT specimen progresses via fibre tensile 
failure and matrix failure. Fibre tensile failure occurs in the 0 ° plies and is characterised by 
the release of large amounts of strain energy. Longitudinal matrix failure occurs in the 90 ° 
plies and is characterised by crack growth through the matrix in the fibre direction. 
Examining Figure 7-19 to Figure 7-25 alongside those in Appendix D, it appears that the 
amount of fibre-pull out may reduce by a small amount with test speed, suggesting crack 
growth is more brittle at higher test speeds. This would suggest a reduction in intralaminar 
GIc with test speed. The reduction in fibre pull-out is very small, however, and given the large 
scatter in the experimentally measured value of GIc there is not enough evidence to conclude 
that GIc reduces with test speed 
Figure 8-7 shows a closer view of the region at the base of a group of pulled-out fibres. 
The image shows shear cusps where matrix cracks in the 90° plies reach the 0° plies, 
indicating mode II crack progression perpendicular to the crack plane. This feature was 
common to all intralaminar test specimens. 
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FIGURE 8-7: SHEAR CUSPS AT THE BASE OF A GROUP OF PULLED-OUT FIBRES IN A 1 M/S TEST 
In all the intralaminar scanning electron microscope (SEM) images, Figure 7-19 to 
Figure 7-25, broken fibres can be seen in the 0° layers indicating that fibre pull-out has 
occurred. This toughening mechanism increases the measured toughness values. In these 
figures blocks of pulled-out fibres of varying size can be seen. This variation in size of the 
pulled-out blocks accounts for some of the scatter in the values of GIc stated in Table 7-1. 
Also in these figures, broken fibres can be seen in the 90° plies, signifying that fibre bridging 
has occurred in these plies. This toughening mechanism contributes to the measured 
toughness values. Where the matrix cracks meet the 0ply, shear cusps indicate mode II 
crack progression perpendicular to the crack plane, Figure 8-7. 
Tanoglu [89] developed the dynamic micro-debonding technique as a method of 
investigating the micromechanical behaviour of fibre-pull-out at high strain rates. Initially in 
fibre pull-out energy is absorbed due to debonding which increases rapidly until failure and 
then levels out to a constant rate. Energy absorbed by friction is initially zero and after initial 
failure increases linearly with displacement until the more energy is required to overcome 
friction than is needed for debonding and this remains the case until final failure. 
The method predicts that the average shear strength of the interface increases linearly 
with strain rate. It is also predicted that the energy absorbed from frictional process and 
debonding processes increases with rate – the frictional energy absorption being initially 
greater and increasing more rapidly than the energy required for debonding. From these 
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conclusions the contribution of debonding and friction to intralaminar fracture toughness may 
be expected to increase with test rate. 
Failure involving fibre pull-out also involves tensile failure of the fibres. In general there 
is said to be little or no rate dependence on the tensile properties of CFRP in the fibre 
direction where the failure mechanism is fibre dominated [52]. It is often found in tensile 
tests that the results show large amounts of scatter and so significant results are difficult to 
obtain. 
The interlaminar specimens show failure via matrix cracking between the 0° plies 
progressing in the direction of the fibres. In all the interlaminar SEM images, Figure 7-43 to 
Figure 7-49, small amounts of broken fibres can be seen in the 90° layers suggesting that the 
contribution of fibre bridging to the measured interlaminar toughness is very small. This may 
account for the relatively small scatter in the QS results compared to the intralaminar results.  
Failure mechanisms which are dominated by the matrix behaviour are generally thought 
to be rate dependent due to the rate dependence of the matrix [90, 91].The matrix is rate 
dependent as the amount of ductile fracture at the crack tip decreases as test rate increases. 
This effect is less significant in laminated composites, however, as the presence of the fibres 
inhibits the growth of the crack tip plastic zone. Current literature, discussed in Section 2.6.1 , 
suggests there is no consensus on the test rate or crack speed dependence of interlaminar GIc. 
Figure 8-8 shows an SEM image for a typical crack tip for a typical intralaminar test. 
From this it can be seen that the crack did not initiate in the plane of the manufactured notch 
sharpened by the 0.1 mm thick razor blade. The crack appears to have initiated on the surface 
of the specimen at the boundary of the 90° plies closest to where the manufactured notch is 
located and then to have grown to failure in the ply boundary above the initial notch. This 
suggests that the sharpening of the notch using the razor blade was unnecessary. These 
findings are in accord with those of Laffan et al [92] who found that initiation fracture 
toughness is insensitive to notch radius in intralaminar CT specimens up to a notch radius of 
250 µm. 
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FIGURE 8-8: NOTCH TIP OF A TYPICAL INTRALAMINAR CT SPECIMEN 
 
8.5 INTRALAMINAR GIC RESULTS 
Figure 7-11 shows the effect of test speed on the value of GIc for the unfiltered and 
filtered results. Considering only the mean values of GIc, both sets of data suggest a possible 
decrease in mean GIc with test speed over the entire range of test speeds. For the filtered data 
this possible decrease in mean GIc with test speed is more pronounced. This is the case even 
if the results for the highest test speed are discounted as few measurements were taken at this 
speed. In both the filtered and unfiltered results, however, the scatter at each test speed is 
large and so it is not possible to conclude with certainty that there is any change in 
intralaminar GIc with test speed. 
Comparing the SEM images of the intralaminar specimen crack surfaces, Figure 7-19 to 
Figure 7-25, there are no significant differences in the fracture surface at each test speed. The 
amount of fibre pull-out and the size of each of the pull-out appear consistent across all test 
speeds. This corresponds to the finding of no change in GIc with increasing test speed. 
Figure 7-14 and Figure 7-15 show the how the value of GIc varies with crack speed for 
the unfiltered and filtered results respectively. Both sets of data suggest a possible decrease 
overall in GIc with average crack speed but given the scatter in the results it is not possible to 
say this with any certainty. The filtered data suggests a more pronounced decrease than the 
unfiltered data. 
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Given the findings of Tanoglu [89], a decrease in GIc with crack speed suggests that the 
amount of pullout should decrease with test speed. Reduction in the amount or length of the 
pulled-out bundles could result from an increase in test rate (or crack speed) due to the 
reduced time for development of a large and complex fracture region around the crack tip. 
This is similar to how fracture in polymers changes from ductile to brittle as there is no time 
for development of a large plastic zone at the crack tip. However, this change in crack growth 
behaviour is not evident in the images of the fracture surface. 
 
8.6 INTERLAMINAR RESULTS 
The filtered and unfiltered trend with test speed suggest that there is no change in GIc 
with test speed. The filtered results for GIc at any given test speed are consistently higher than 
the corresponding unfiltered results. As discussed in section 8.3, the unfiltered data is more 
reliable than the filtered data in the interlaminar tests.  
The stick-slip analysis results are, as expected, consistently higher than those of the 
filtered and unfiltered results at all test speeds. These results suggested that a very small 
increase in GIc over the range of test speeds is possible when only the mean values of GIc are 
considered, but given the scatter in the results it is hard to be certain of this trend. 
These results are not in agreement with those found by Kusaka et al [46], which showed 
a significant decrease in GIc as test rate increased at very low test speeds (those which were 
tested quasi-statically below 5 mm/min) but constant GIc with increasing test speed above 
5 mm/min. Kusaka suggested that the QS specimens had a larger damage zone at the crack 
tip which was confirmed by visual inspection. No difference in damage surface was noted in 
the fractography images of the crack surfaces of the CT specimens tested in this work, Figure 
7-43 to Figure 7-49, suggesting that the same change in GIc with crack speed is not occurring 
for the IM7/8552 material tested.  
Figure 7-38 and Figure 7-39 show the effect of average crack speed during the test on 
the value of GIc for the unfiltered and filtered results. Both filtered and unfiltered data suggest 
a possible increase overall in GIc with average crack speed but given the scatter in the results 
it is not possible to say that this is certain. This trend was also not consistent across all test 
speeds, between the QS tests and those at 0.56 m/s, GIc appears to increase with test speed, 
but again there is large scatter in the results. 
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Any decrease in GIc with crack speed is not consistent with the results found by Sun and 
Han [47] using the CT specimen in a wedge-insert fracture (WIF) method. They also found 
that the results showed a lot of scatter but that there was a possible increase in GIc with crack 
speeds up to 950 m/s (due to the large scatter, they concluded that there was no change in GIc 
with crack speed). It was suggested that any increase found in GIc in the IM7/977-3 carbon-
fibre epoxy was due to an increase in the amount of fibre bridging found at higher test speeds. 
However, it can be seen in the fractography images for the experimental tests in this work 
that no significant change in the amount of fibre bridging was visible between each test 
speed. Hence, this is unlikely to significantly affect the measured value of GIc found in these 
tests. 
The conclusions of the interlaminar tests carried out here are similar to the majority of 
the results in the literature, including that by Blackman et al. [43, 44] which state that the 
scatter in the measurement of GIc masks any underlying trend which may be present. 
 
8.7 CONCLUSION 
The analysis of the experimental results has shown that the data filter has successfully 
filtered the intralaminar results as it reduces the CV of the results for each intralaminar 
specimen without significantly affecting the mean GIc. Filtering does not, however, have any 
effect on the scatter between each specimen test. 
A comparison of the filtered and unfiltered interlaminar GIc results suggested that the 
filtered data was not an accurate representation of the specimen behaviour. This was because 
there was stick slip crack growth in the interlaminar specimens which was not being captured 
by the filter. The unfiltered interlaminar results therefore more accurately represented the GIc 
of the specimen than the filtered results. 
Fracture surfaces of the intralaminar specimens showed significant fibre pull-out which 
was present at all test speeds. There was no significant change in the amount of fibre pull-out 
or of other fracture surface characteristics as the test speed increased. 
Interlaminar fracture surfaces showed failure progressing via matrix cracking between 
the 0 ° plies progressing in the direction of the fibres. A very small amount of fibre breakage 
was seen at all test speeds. Again, the appearance of the fracture surface did not appear to 
change as test speed increased. 
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The intralaminar GIc showed a small decrease with both test and crack speed, however 
this decrease was within the range of the scatter found in the results.  
The interlaminar tests suggest that GIc is independent of crack speed. The same tests 
showed a small increase in GIc with crack speed, but again this increase was within the range 
of the scatter found in the results. When the results were analysed using only the strain data 
associated with the arrest points in stick-slip growth, GIc appeared to increase with test speed 
and average crack speed but the scatter in the results remained high. 
 
 
  
10. Conclusions and Suggestions for Further Work 
[179] 
 
 
 
 
 
 
 
 
9 CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
In Section 9.1 the overall conclusions are described for the research presented in this 
thesis. Section 9.2 identifies the key contributions to knowledge of the research. Finally, 
section 9.3 provides suggestions for further work to further the ability to measure the high 
rate intralaminar fracture toughness of laminated composite materials. 
 
9.1 CONCLUSION 
As composite materials are increasingly used in applications where their properties at 
high rates are essential to their purpose, it is important that engineers have an understanding 
of how the materials behave under high rates of loading.  
A finite element model of a DCB specimen was developed and showed good correlation 
with experimental results in terms of crack length versus load-point displacement under both 
quasi-static loading and at a loading rate of 18.47 m/s. Equations proposed in the literature 
for processing high-rate DCB test data were applied to the output of the FE models and the 
resulting toughness values were compared to those determined directly from the cohesive 
elements in the models. For the QS model it was found that these equations work well giving 
a mode I interlaminar toughness within approximately 2 % of the input value. However, for 
the HR model yielded values of GIc which were very different to the input value until the  
transition time, given by [38]: 
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where UKE is the kinetic energy and US is the strain energy in the specimen. After this 
time there was much more agreement between the model and the results from the data 
reduction scheme and the model predicted that the specimen was fracturing in pure Mode I. 
Key factors in the difference between the numerical results and those from the data 
reduction scheme were identified as the larger contribution of kinetic energy to the fracture 
growth than assumed in the data reduction equations, the lack of symmetry of the deformed 
shape and, as a consequence, the mixed-mode nature of the crack growth in the FE models. 
This lack of symmetry confirms the experimental observations made by Rodriguez Sanchez 
[58]. 
The FE study showed that the standard DCB specimen loaded at high rates may not be 
suitable for the measurement of high-rate mode I fracture toughness, GIc, because of the 
significant mode II component which occurs during the crack growth. However, if a data 
reduction scheme such as that derived by Blackman et al. is used, measurements should be 
confined to the region of crack growth which occurs after the transition time. 
A finite element model of the CT specimen was developed and predicted that for the 
geometry and material properties considered, intralaminar crack growth will occur in the 
absence of any other failure mode for applied displacement rates of almost 10 m/s. 
Dynamic effects mean, however, that the results cannot be analysed using the load-crack 
length data as is done for QS tests, using the load-crack length data. A data reduction scheme 
was proposed which does not require the measurement of the load during the high rate tests. 
Strain at the back edge of the specimen and the crack length are measured in HR tests, which 
allows the mode I fracture toughness to be calculated.  
Processing of the experimental CT results required that the strain and displacement 
reading needed to be filtered, to remove noise from the data. Filtering was carried out using a 
low-pass, FIR, zero-gain equiripple filter. 
A methodology for determining which frames are showing crack growth was also 
developed. The crack growth frames were determined using the trend of the strain versus 
crack length data predicted by the LS-Dyna models of the CT specimen. 
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The analysis of the experimental results has shown that the data filter appeared to 
perform well as it reduced the CV of the results for almost all of the intralaminar specimens 
without significantly affecting the mean GIc. 
A comparison of the filtered and unfiltered interlaminar GIc results suggested that the 
filtered data was not an accurate representation of the specimen behaviour. This was because 
there was stick-slip crack growth in the interlaminar specimens which was masked by the 
filter. The unfiltered interlaminar results therefore more accurately represented the GIc of the 
specimen than the filtered results. 
Fracture surfaces of the intralaminar specimens showed significant fibre pull-out which 
was present at all test speeds. There was a small reduction in the amount of fibre pull-out as 
the test speed increased suggesting a small reduction in GIc with test speed. The intralaminar 
GIc also showed a small decrease with both test and crack speed, however this decrease was 
within the range of the scatter found in the results. 
The interlaminar tests suggest that GIc is independent of crack speed. The same tests 
showed a small increase in GIc with crack speed, but again this increase was within the range 
of the scatter found in the results. When the results were analysed using only the strain data 
associated with the arrest points in stick-slip growth, GIc appeared to increase with test speed 
and average crack speed but the scatter in the results remained high. 
Interlaminar fracture surfaces showed failure progressing via matrix cracking between 
the 0 ° plies progressing in the direction of the fibres. A very small amount of fibre breakage 
was seen at all test speeds. The appearance of the fracture surface did not appear to change as 
test speed increased. 
 
 
9.2 RESEARCH CONTRIBUTION 
The research in this thesis has contributed to the wider research community in that it has 
created and validated a method for measurement of intralaminar fracture toughness of 
carbon-fibre composites at loading rates up to 10 m/s. A CT specimen was used and a data 
reduction scheme was developed so that, despite the vibrations in the load measurement, the 
strain at the back edge of the specimen, which is relatively unaffected by the dynamic 
10. Conclusions and Suggestions for Further Work 
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loading, can be used to measure GIc for test speeds of up to 10 m/s of a IM7/8552 laminate 
with a layup of [(90,0)8,90]s and a QS GIc of 69.3 kJ/m
2
. 
The findings of the intralaminar CT tests carried out show that the intralaminar fracture 
toughness of IM7/8552 decreases by a small amount over the range of test speeds from 
3 mm/min (QS) to around 10 m/s. A decrease in intralaminar fracture toughness with 
increasing crack speed was also found. The large amount of scatter in the results, however, 
makes it difficult to confirm this trend. The data produced significantly adds to the small 
amount of data currently available on the HR intralaminar fracture toughness of laminated 
composite materials.  
The research also adds to the understanding of the dynamic behaviour of the DCB 
specimen loaded at high rate. The finite element modelling work showed that a significant 
amount of mode II crack growth occurs when the specimen is loaded at 18.47 m/s. The work 
also suggested that the DCB specimen loaded at HR may not be suitable for the measurement 
of HR interlaminar fracture toughness. 
 
9.3 FURTHER WORK 
During the processing of the CT results, it was difficult to determine whether the crack 
growth was stable or if stick-slip growth was occurring. In order to investigate this behaviour 
further, it would be possible to increase the frame rate in the lower end of the test speed range 
by reducing the number of pixels in the HSV image. This would confirm the current method 
of determining when crack growth occurs, and therefore give more reliability to the values of 
GIc stated in this report. The use of HR digital image correlation would also help in the 
understanding of the strain distribution in the specimen during both stable and stick-slip crack 
growth. 
An important feature of the CT specimen loaded at HR appeared to be the effect of the 
crack growth reaching the end of the specimen, which appeared to affect the stress field 
around the crack tip at shorter crack lengths than for the QS model. For this reason, the data 
reduction scheme was only valid for crack lengths up to a = 36 mm. This meant that only a 
small amount of data could be obtained from each specimen. One way to investigate this 
effect would be to test longer CT specimens so that more crack lengths could be measured 
during the test. Currently, this may prove difficult at higher test speeds as the size of the 
10. Conclusions and Suggestions for Further Work 
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image to be captured would significantly reduce the frame rate that could be used and so the 
number of crack lengths which could be measured during the test. 
In the future, as HSV technology advances, the ability to measure HR intralaminar 
fracture toughness using this method will become more reliable and the behaviour of the 
crack as it progresses along the specimen will become more understood. Enabling higher 
frame rates with larger image sizes means that in a standard or even an extended CT 
specimen, more crack length measurements can be made during each individual test. This 
will increase the number of GIc values calculated for each specimen and will help the user 
more accurately determine if the crack growth is stable at each crack length measured. 
 
Further work could also be carried out on the modelling of the HR DCB specimen. It 
would be useful to model specimens between the QS and 18.47 m/s tests carried out in this 
work. In this way, it would be possible to determine the test speed at which the dynamic 
effects, such as the non-symmetrical deformation of the specimen arms, become significant in 
the measurement of HR interlaminar fracture toughness. 
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APPENDIX A: MATERIAL PROPERTIES OF IM7/8552.  
Table reproduced from [66] 
 
 Hexcel Material 
Properties 
Test Properties % Difference 
Longitudinal Modulus [GPa]    
Tension 165 176.6 7.0% 
Compression 145 154.1 6.3% 
Transverse Modulus [GPa]    
Tension 9.4 8.6 8.5% 
Compression 10.6 9.8 10.2% 
Shear modulus 4.5 4.48 0.4% 
Longitudinal Strength [MPa]    
Tension 2600 2260 13.0% 
Compression 1500 1572.9 4.8% 
Transverse Strength [MPa]    
Tension 60 62 3.3% 
Compression 290 254.6 12.2% 
Shear strength [MPa] 90 101.2 12.4% 
Poisson’s ratio 0.3 0.34 13.3% 
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B.1 HIGH RATE INTRALAMINAR GIC RESULTS 
 
 
 
 
 
Nominal test speed = 1 m/s 
Unfiltered GIc,prop = 75.2 ± 19.8 kJ/m
2
 
Filtered GIc,prop = 84.7 ± 12.4 kJ/m
2
 
 
 
 
 
Nominal test speed = 4 m/s 
Unfiltered GIc,prop = 69.1 ± 20.0 kJ/m
2
 
Filtered GIc,prop = 65.3 ± 16.8 kJ/m
2
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Nominal test speed = 6 m/s 
Unfiltered GIc,prop = 70.5 ± 27.5 kJ/m
2
 (a < 36 mm) 
Filtered GIc,prop = 68.3 ± 19.2 kJ/m
2
 (a < 36 mm) 
 
 
 
 
Nominal test speed = 8 m/s 
Unfiltered GIc,prop = 64.9 ± 16.6 kJ/m
2
 (a < 36 mm) 
Filtered GIc,prop = 59.5 ± 12.5 kJ/m
2
 (a < 36 mm) 
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Nominal test speed = 10 m/s 
Unfiltered GIc,prop = 70.4 ± 24.5 kJ/m
2
 (a < 36 mm) 
Filtered GIc,prop = 67.1 ± 13.1 kJ/m
2
 (a < 36 mm) 
 
 
 
 
Nominal test speed > 12 m/s 
Unfiltered GIc,prop = 67.9 ± 10.4 kJ/m
2
 (a < 36 mm) 
Filtered GIc,prop = 54.0 ± 11.3 kJ/m
2
 (a < 36 mm) 
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B.2 HIGH RATE INTERLAMINAR GIC RESULTS 
 
 
 
 
Nominal test speed = 0.25 m/s 
Unfiltered GIc,prop = 315.7 ± 29.9 J/m
2
 (a < 36 mm) 
Filtered GIc,prop = 325.0 ± 24.4 J/m
2
 (a < 36 mm) 
 
 
 
 
Nominal test speed = 0.6 m/s 
Unfiltered GIc,prop = 315.7 ± 29.9 J/m
2
 (a < 36 mm) 
Filtered GIc,prop = 325.0 ± 24.4 J/m
2
 (a < 36 mm) 
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Nominal test speed = 0.9 m/s 
Unfiltered GIc,prop = 287.3 ± 15.7 J/m
2
 (a < 36 mm) 
Filtered GIc,prop = 303.7 ± 16.9 J/m
2
 (a < 36 mm) 
 
 
 
 
Nominal test speed = 1.2 m/s 
Unfiltered GIc,prop = 264.3 ± 28.0 J/m
2
 (a < 36 mm) 
Filtered GIc,prop = 281.8 ± 29.7 J/m
2
 (a < 36 mm) 
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Nominal test speed = 2.1 m/s 
Unfiltered GIc,prop = 314.6 ± 30.8 J/m
2
 (a < 36 mm) 
Filtered GIc,prop = 347.9 ± 25.1 J/m
2
 (a < 36 mm) 
 
 
 
 
Nominal test speed > 2.5 m/s 
Unfiltered GIc,prop = 418.3 ± 22.2 J/m
2
 (a < 36 mm) 
Filtered GIc,prop = 427.6 ± 21.4 J/m
2
 (a < 36 mm) 
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C.1 HIGH RATE INTRALAMINAR R-CURVES 
1 m/s R-curves 
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4 m/s R-curves 
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6 m/s R-curves  
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8 m/s R-curves 
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10 m/s R-curves 
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>12 m/s R-curves 
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C.2 HIGH RATE INTERLAMINAR R-CURVES 
0.25 m/s R-curves 
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0.6 m/s R-curves 
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0.9 m/s R-curves 
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1.2 m/s R-curves 
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2.1 m/s R-curves 
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> 2.5 m/s R-curves 
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D SCANNING ELECTRON MICROSCOPE IMAGES  
Test speed: QS 
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Test speed: 1 m/s 
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Test speed: 4 m/s 
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Test Speed: 6 m/s 
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Test speed: 8 m/s 
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Test speed: 12 m/s 
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